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Abstract

Thermosonics and vibro-acoustic modulation (VAM) are two recent nondestructive
testing (NDT') techniques which show potential to improve the detection of interface-
type defects (fatigue cracks in metals and delaminations in composites) compared
to traditional NDT methods. These two novel “active” techniques have in common
the excitation of structural vibrations of the test-sample to generate significant dis-
placement of the defect interfaces. In thermosonics this is achieved by high power
ultrasound applied to the specimens by high power sonotrodes (20 or 40 kHz). In
VAM the defect is vibrated by the excitation (by impact or by an electro-magnetic
shaker) of the lowest frequency modes of the structure. The diagnosis of damage
is done by using different “pick-up” methods. Thermosonics exploits the local gen-
eration of heat, due to friction and/or stress concentration, which can be imaged
by modern infrared (IR) thermal imaging cameras. VAM uses the modulation of
an additional interrogating ultrasonic field, which is the result of a nonlinearity

introduced by the defect in the previously linear and undamaged structure.

In this Thesis, an extensive experimental study of both NDT techniques is presented.
The general aim of the study has been to assess and then compare the sensitivity
of both methods as a function of defect size as well as their rapidity and reliability
of application. Laboratory specimens with fatigue cracks of variable size were pre-
pared and quantitative measurements were taken using both methods. VAM tests
were carried out at different amplitudes of the low frequency modulating wave and
for a wide range of ultrasonic frequencies (70 - 230 kHz) to find those at which the
sensitivity to damage was maximum. A damage index is proposed to evaluate the

crack severity. Thermosonic experiments were carried out varying the amplitude of




the input ultrasound to study the correlation between vibration level and temper-
ature rise. This was achieved through the characterization of the extra damping
introduced in the specimens by the crack. Based on this information, an algorithm

is proposed for the prediction of the thermosonic signal from vibration records.

The results of the experiments show that VAM has a relatively limited sensitivity
to small cracks, because it is affected by coherent noise generated at the supports
of the specimen. On the other hand, thermosonics can potentially detect smaller
cracks if a sufficient vibration amplitude is excited in the specimens. Hence, the
reliability in detecting small cracks using thermosonics was studied further and led
to the definition of practical calibration and testing procedures that allow us to

detect reliably any cracks.
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a crack length during fatiguing
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Chapter 1

Introduction

1.1 Motivation

The aerospace and nuclear power industries are demanding quicker, more reliable
and more sensitive nondestructive testing (NDT) inspection methods for the detec-
tion of small fatigue cracks and impact damage in structures. In the maintenance
sector, such requirements arise mainly from the need of reducing the maintenance
costs, increasing the efficiency of inspection and reducing the dependence on human
judgement (for example dye penetrant testing requires well trained operators). In
the production sector, the demand of new and better tools for quality control is also

increasing.

Established NDT techniques are not completely satisfactory for the detection of
fatigue cracks in metals and delaminations in composites. Conventional ultrasonic
techniques are widely used in industry and are generally based on the assumption of
the linear interaction of an acoustic wave with the defect. In principle, a wave that
impacts a defect can undergo reflection or diffraction and the reflected or diffracted
wave can be analyzed to obtain information on the presence and size of the de-
fect [1]. However, major problems arise with this approach when there is a lack
of a-priori knowledge of the features of the defect that is to be detected. The di-

agnosis of the presence of a crack by linear ultrasound is usually the result of the
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interpretation of an ultrasonic measurement. This interpretation may be difficult
or impossible if in the measured data the defect signature is masked by other infor-
mation contained in the signal, such as reflections from boundaries, diffraction from
edges, dispersion phenomena, excitation of multiple modes etc. [1]. Furthermore,
the success of conventional ultrasonic techniques for detecting small fatigue cracks
may be compromised by ultrasonic grain noise and by the degree of closure of the
cracks. Thermal NDT techniques are also currently used in industry as a means
of detecting cracks and delaminations [2]. The principle behind such techniques is
that the defect acts as a thermal barrier to the heating front stimulated by a high
power optical flash. The resulting discontinuity in the thermal field on the specimen
surface can be measured by an infrared (IR) camera [3]. However, major problems
arise when the defect is too deep to be reached by a significant amount of heat or

when the defect interfaces are in contact hence allowing heat transmission [4].

Vibro-acoustic modulation and thermosonics both have the potential of solving these
difficulties and therefore the potential of becoming routine NDT fast-screening in-

spection methods.

1.1.1 Vibro-acoustic modulation

Vibro-acoustic modulation (or vibro-modulation as appears in the title of this The-
sis) was first introduced as a NDT method in the early 1990s. It was born from the
observation of the amplitude modulation of an ultrasonic vibration field by means of
a second low frequency vibration, typically in the sonic range, imposed on a struc-
ture containing fatigue defects at a microscopic level [5]. This amplitude modulation
also occurs in structures with interface-type defects, such as cracks and delamina-
tions. The principle of this method is represented in Figure 1.1. Vibro-acoustic
modulation (VAM) is based on the interaction/mixing of two vibrations that are
present simultaneously in a defective structure. Throughout this work it will be
assumed that a linear system can be defined as one which responds in accordance to
the principle of superposition. When two vibrations at two distinct frequencies are

excited in a linear system, the resulting interaction is simply given by the sum of
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the two separate components. In the frequency domain this would result in the pres-
ence of distinct spectral lines at those two distinct frequencies. A plain structure,
without any defect, will be considered linear since it is able to transmit separately
the two frequency components. A mechanical structure can become nonlinear in the
presence of a crack if, for example, the crack opens and closes ( “breathes”) during
the low frequency vibration cycle. When the crack is open or closed the structure
will exhibit slightly different frequency response functions (FRF) and this will result
in ultrasound amplitude modulation at the frequency of the low frequency vibra-
tion. In the frequency domain, the modulation due to the mixing of the two excited
frequencies is characterized by the appearance of sidebands to the main ultrasonic
probing frequency; this effect will be referred to as nonlinear throughout this work.
It will be noted that this division between linear and nonlinear systems is based
on the assumption that the presence of a crack in a structure must correspond to
the introduction of some sort of nonlinearities and, therefore, is rather simplistic.
However this simple classification is good enough for the practical purposes of this

study which were highlighted in the former subsection.

1.1.2 Thermosonics

Thermosonics is a hybrid thermal-acoustic technique that exploits local heating at
the crack/delamination. The heat is generated through the dissipation of mechanical
energy at the defect interfaces. The mechanical oscillatory energy is input to the
structure by means of a fixed-frequency acoustic resonator typically in the range
from 20 to 40 kHz. A schematic representation of the method is given in Figure
1.2. The mechanical energy can be dissipated locally either by clapping or rubbing
of the interfaces (heating over the crack area) or by material damping which is
especially significant in the zones of stress concentration (for example at the crack
tip). The presence of a defect results in a temperature increase on the specimen
surface. A temperature measurement is therefore needed in order to inspect the
structure. This is performed with a high sensitivity IR imaging camera, which

makes thermosonics a “full field” inspection technique. The commercial availability
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Figure 1.1: Schematic representation of the VAM method of NDT

of sensitive cameras has been a key point in the worldwide interest that thermosonics
has attracted since Prof. Thomas at Wayne State University, Detroit, USA, [6]
introduced this technique in 1999. The idea of the exploitation of the heat produced
at the crack when it is subjected to vibrations was already known. In the early
eighties Mignogna at al. [7] carried out an extensive study on vibrothermography,
a technique that is directly related to thermosonics, but could not be exploited at
the time for practical NDT, due to low sensitivity of the IR imaging apparatus then
available. Thermosonics differs from vibrothermography because it uses a very short
pulse of ultrasound, typically fractions of a second long, whilst vibrothermography

uses continuous sonic excitation at a frequency of 20 kHz or less.
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Figure 1.2: Schematic representing the thermosonic method of NDT

1.2 Project background

The thermosonics project was structured as a cooperation between the NDT groups
at Imperial College London and at the University of Bath. This was done in consid-
eration of the intrinsic interdisciplinary nature of the method which uses vibrational
excitation and thermal monitoring [8]. The main responsibility of Imperial College
has been to study the characteristics of the vibration field excited in thermosonics,
and in particular the evaluation of the interaction of such vibrations with defects.
The ideal outcome of this work was the capability of predicting the amount of heat
dissipated by a defect during vibration. An additional task assigned to the Impe-
rial College side was that of investigating the potential generation of multiple and
sub-multiple harmonic nonlinearities in the samples with defects, when these were
vibrated using the same exciter as in thermosonics. This additional part of the work
was thought of as an immediate by-product of the thermosonic tests. The NDT
research group in Bath has been responsible for the modelling of the defects as heat

sources and for the analysis of the thermal fields generated by ultrasonic stimulation.

Early tests demonstrated the impossibility of detecting small cracks by the har-
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monics method using the same acoustic horn necessary to vibrate the test-piece in
thermosonics. This was principally due to the concurrent generation of large su-
per/sub harmonic nonlinearities (hence the same as those expected to be generated
by the cracks) at the contact between the exciter and the test structure, which meant
that the presence of a crack could never be tested reliably. However, further tests
at Imperial College showed that VAM (which can also be considered a nonlinear
method of NDT) had the potential of detecting the fatigue cracks that the harmon-
ics method was failing to detect. Thus, the study of VAM was pursued further and

the harmonics method was abandoned.

In this Thesis, only the work carried out under the direct responsibility of the author

is described and discussed in detail. This includes:

the preparation of cracked samples;

— the characterization of cracks;

— the experimental part of the VAM investigation;

— the thermosonic experiments in metals with focus on the vibration analysis;

— the development of a methodology for the prediction of the thermosonic signal

from vibration records in cracked metallic samples;

— the formulation of procedures to obtain reliable detection of small cracks in

metals.

Dr. Philippe Duffour (also based at Imperial College) worked in the project from
October 2003 to December 2004. Dr. Duffour’s main area of work was the de-
velopment of models of modulation mechanisms in VAM, and he also conducted
a comparative study of VAM and damping measurement as NDT techniques. He
contributed with some ideas to the early stages of the development of a prediction

methodology for the thermosonic signal.

Dr. Tim Barden worked in the project at the University of Bath from September

2003 to September 2005. The thermosonic experiments carried out in these two
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years were organized in Bath, because of the availability of an IR camera on the
site. Later, the IR camera was brought to Imperial College to allow the completion
of the work. The tests at Bath were conducted jointly by Dr. Barden and the author
of this Thesis. Dr. Barden’s main responsibilities during his period at Bath were
the development of the thermal models needed in the thermosonic predictions and

the application of thermosonics to the detection of impact damage in composites.

The work of Dr. Duffour and Dr. Barden is acknowledged throughout this Thesis,
and reports of their findings are included where it is believed they contribute to
clarity and completeness of the core topics of this Thesis which have been listed

above.

1.3 Thesis overview

VAM and thermosonics are NDT techniques that have recently attracted increasing
interest in the NDT community because of their potential to achieve fast detection
of “breathing” defects in complex structures. In a few cases, both methods are
already in use in industrial environments and have replaced conventional inspection
procedures [9,10]. However, more research work is needed before their physics is
fully understood and therefore their potential can be fully assessed. This work aims

to be a step forward in this direction.

In this Thesis, both methods have been applied to simple specimens with cracks
of well known characteristics. Thus, the capability of preparing sets of laboratory
specimens with controlled cracks of varying depth has been of primary importance.
Chapter 2 gives an account of this initial phase of the project, together with the
attempts that have been tried throughout the work to describe in as much detail as

possible the morphology of these cracks.

At microscopic level, the morphology of crack-like defects is complex. An accurate
study of the dynamics of the interaction of the defect interfaces when the specimen

is subjected to complex vibrations would be extremely difficult. The measurement
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of the extra-damping introduced in each specimen by the presence of a crack has
been a valuable global method of describing the effects of the presence of a crack in a
vibrating system. Damping measurements constitute an NDT method on their own,
and have therefore been compared to VAM and thermosonics. Furthermore, since
the vibration damping quantifies the dissipation of mechanical energy in a vibrating
system, it has been used for the prediction of the thermosonic signal. The damping

measurements on all the available cracked specimens are described in Chapter 3.

Chapter 4 contains a literature review and the experimental work in the area of
VAM. The experiments are carried out using two different implementations of the
method. One uses an electromagnetic shaker to excite the low frequency modes, the
other uses an impact hammer. The cracks can be detected reliably only after the
excitation system and the supports have been optimized. Once the optimized testing
rig has been achieved, a systematic study of the method is performed, with the aim of
understanding the effects of varying the ultrasonic frequency as well as the amplitude
of the low frequency vibration. The following assessment of the general sensitivity
of the method leads to the derivation of a damage index. The experimental results
are then compared to the analytical and numerical results obtained by Dr. Duffour
to validate the proposed vibro-modulation models. The Chapter is concluded by

feasibility studies of inspection on real industrial components.

Chapter 5 initially presents a literature review on thermosonics. This will justify
the choice of the pulsed version of the method and will highlight the benefits of the
proposed approach for the prediction of the temperature rise. The idea is to use
damping data measured independently to obtain the temperature rise generated by
a certain vibration amplitude. The prediction algorithm arises from considerations
on the outcome of the previous damping measurements. The prediction routine is
then applied to measurements on a set of steel cracked beams. The validation of the
prediction methodology is discussed in detail before the sensitivity of the method to

crack size is analyzed.

Chapter 6 addresses the problem of the reliable detection of cracks in metals using

thermosonics. The vibration threshold needed to reveal small cracks of known size
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is discussed. A detectability criterion which defines the minimum vibrational strain
required to detect cracks of given size, using an IR camera of known sensitivity, is
enunciated. This criterion is of crucial importance for the future development of

practical inspection systems and procedures.

The Thesis concludes with Chapter 7 which includes a summary of the work under-
taken, a summary of the relevant scientific findings, a comparison of the VAM and
thermosonic methods of NDT and an overview of the areas that would benefit from

further work in the author’s view.
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Chapter 2

Production of cracked specimens

Sets of cracked specimens to be used for VAM and thermosonics research were pro-
duced in the the departmental materials testing facilities at Imperial College in
order to monitor as closely as possible the fatiguing conditions and consequently the
shape, size and morphology of the cracks obtained. It was presumed that these char-
acteristics of the cracks would affect the VAM and thermosonics results. Hence, the

strategy of own production was preferred to sourcing from external manufacturers.

An ideal set of laboratory specimens for research on VAM and thermosonics would

have the following characteristics:

— specimens of simple geometric shape, easy to handle and to machine;
— one crack in each specimen with controlled location and shape;

— several cracked specimens with cracks of different shape and size.

The following sections describe in detail the procedures followed to obtain cracks of
variable size and shape in steel and perspex (trade name for poly-methyl methacry-
late) beams. The characteristics of these cracks were then measured using different
methods in order to describe their morphology as accurately as possible. The di-
mensions of the specimens and the results of the measurements taken to study the

morphology of the cracks are listed in the summary section (2.4) at the end of this
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2. Production of cracked specimens

Chapter. Complete control over the crack characteristics was not achieved at the
moment of their production. However, it was possible to produce cracks of different

size.

2.1 Production of cracks in steel beams

Fatigue is the nucleation and growth of cracks under cyclic stress. Fatigue is even-
tually characterized by the appearance (at macroscopic level) of a crack at a free
surface of the component, and is most common in metals. The process is initiated
by the presence of imperfections at molecular level, due to missing atoms at some
locations in the metallic crystalline lattice. These imperfections are known to move
and accumulate at the border of the grains, under the effect of cyclic load; hence the
formation of nuclei and “slip” zones at the grain boundaries. Above a certain load
called “Fatigue Limit” the nuclei can break through the grain and form cracks at
microscopic level, which can then propagate. If the “Fatigue Limit” is never reached
the structure is said to have “Infinite Life” which is generally characterized by load
cycles exceeding 10¢ — 107 without the formation of a fatigue crack [11]. Fatigue
can occur in different materials such as ceramics, polymers or composites, but other

mechanisms are involved [12].

The “Fatigue Life” of a structure subject to fatigue is the number of cycles before
the final failure. Systematic studies to understand fatigue phenomena are relatively
recent (from the 60s onwards), and all the models derived to predict the “Fatigue

Life” are mainly based on the fitting of experimental data [11].

When the occurrence of a crack has to be predicted, it is common to refer to a family
of curves called 7S-N” curves, where S is a load parameter (could either be stress
or plastic strain depending on whether the fatigue is stress or plastic-strain driven,
these are also respectively referred to as high-cycle fatigue and low-cycle fatigue)

and N is the number of cycles at which the failure occurs. The general form of the
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Figure 2.1: (a) Three-point bending rig for the production of cracks in steel beams by

fatigue and, (b), schematic representation of it.

relation between S and N is:

AS

- = C’ (2N)* (2.1)
where AS is the peak-to-peak amplitude of the loading cycle, C’ is the fatigue
strength coefficient and b is the negative fatigue strength exponent. These two
parameters vary due to the sensitivity of the “S-N” curves to surface finish, coatings,
notches, residual stresses and changes of mean load. In particular, notches have the

effect of a local amplification of the stress and strain and act as stress and strain

concentrators, and therefore are often used as a source for crack formation [13].

When the growth rate of an existing crack has to be studied, it is usual to refer
to models like the Paris regime. In the Paris regime it is assumed that the crack

growth rate da/dN is governed by the cyclic stress intensity factor AK:

N o

where a is the crack length, C” is the fatigue propagation coefficient and m is the
fatigue propagation exponent. AK is a function of the variable stress Ao, the crack
length a and of the geometry of the component. The variable loading Aoy, under

which the fracture does not propagate corresponds by means of equation 2.2 to a
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threshold variation of the intensity factor A Ky, needed to start the propagation [12].

These notions are of use if the propagation of existing cracks is needed.

Figure 2.1 shows the setup used for cracking sets of mild steel beams. The spec-
ification of the metal used is, according to the British Standard BS970 and the
European Standard EN3B, “bright mild steel for machined parts or shafting” (C
0.20%, Mn 0.50%, Ph 0.05% max., S 0.05% max., Si 0.23%). The beams (square
3/4 inch nominal cross section) were initially V-notched, with notches of variable
angles and depths h (see section 2.4), and then loaded on a three-point bending
rig using an INSTRON 8872 material testing machine rated at 25 kN nominal load
capacity. The distance Ly [see Figure 2.1 (b)] is the effective flexure length during
fatiguing. Notches of different geometry were used in order to establish if it was
possible to facilitate the generation of straight, through width cracks. This was
highly desirable because it would have allowed the sizing of the cracks simply from
the measurement of their depth at the edges. However, perfectly straight cracks
were not usually achieved using the rig of Figure 2.1. The fatiguing of the speci-
mens was either stopped upon the observation of the formation of a crack at one
edge of the notch, or continued at a slightly higher load to grow the cracks further
into the material. The monitoring of the specimens to see if the crack was present
was done through a microscope. The shape of the cracks and their actual size could
only be revealed later after breaking the specimens at the end of the VAM and the
thermosonic tests. This will be described in section 2.3.2. In section 2.4, Tables 2.1,
2.2 and 2.3 list the characteristics of the steel specimens and of the cracks produced

in them.

2.2 Production of cracks in perspex beams

The procedure followed to produce cracks in perspex beams is different from the
one for metals. Static loading was used instead of cyclic loading, and the beams
were not only pre-notched but also pre-cracked. The notch was cut in perspex

using a hacksaw. The hacksaw was supported on vertical height-adjustable guides
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allowing a straight cut. The resulting notch was rectangular, as shown in Figure
2.2, with a groove of width w =2 1 mm. A razor blade was used to pre-crack the
perspex specimens. The blade was supported in a block of aluminium and the whole
apparatus was cooled in a fridge at a temperature of 4 - 5 °C'. The notched beam
was, at the same time, heated up in boiling water at a temperature of about 100
°C'. When the cool blade contacted the hot base of the groove, local cooling took
place on the specimen, causing the formation of a relatively brittle zone at the base
of the notch. Perspex is a thermoset, and therefore its elastic properties are hugely
affected by the temperature. Above 90 °C' and for high levels of stress the plastic
characteristic is dominant whereas at temperatures close to 0 °C' the elastic-brittle
characteristic is dominant. This facilitates the pre-cracking. The aluminium holder
was immediately hit by a hammer, and the result was the production of a straight
pre-crack, along the whole width of the specimen as sketched by the shadowed area in
Figure 2.2 sec.B. Once a pre-crack was created, it could be propagated to the desired
length. For a given pre-crack length a and shape factor Y, the stress intensity factor
K can be calculated. In the case of a static load, we will consider a single value K
rather than a cyclic range AK. If the crack loading is in a normal opening mode
(mode I of fracture mechanics) for the equivalent bi-dimensional system sketched in

Figure 2.2 the stress intensity factor in mode I, K7, is given by:
K; =Yoa; (2.3)

where o is the stress resulting from three-point bending on an uncracked cross

section. The condition for propagating the pre-crack is given by:
K; = K,; (2.4)

where K, is the fracture toughness. The role of the fracture toughness in fracture
mechanics is equivalent to that of material strength in yielding. K. is a property of
the material, whilst K; depends on the loading and on the geometry of the specimen

and the fracture [12].

The propagation of the pre-crack was obtained through the application of a con-

trolled displacement at mid-span, as in Figure 2.2. The displacement was increased
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Figure 2.2: (a) Three-point bending rig for the production of cracks in perspex beams by

static loading and, (b), schematic representation of it.

at an extremely low rate, according to the resolution allowed by the material test-
ing machine. This machine was again the INSTRON 8872, previously used for the
fatiguing of metal beams, with a displacement resolution of 0.01 mm. The load was
correspondingly slowly increased until the condition expressed in equation 2.4 was
satisfied. At this point the fracture propagated. The propagation of the fracture
was within the plane of the pre-crack, and it was very likely to remain straight. This
was helped by the presence of two very small grooves at the edges of the rectangular

notch along the depth of the beam and in the same cross section as the pre-crack.

The propagation of the fracture was accompanied by a load drop for the fixed dis-
placement that initiated the propagation. The load could be monitored at the same
time as the displacement was slowly increased and the drop was a clear symptom
that the fracture was propagating. Proceeding slowly was a key point in obtaining
cracks of different depths in perspex, because the avalanche mechanism that would
have finally broken the specimen could be avoided. The load drop is determined by
the fact that when the fracture propagates the resisting cross section reduces, there-
fore increasing the flexibility of the beam. A more flexible beam will give larger
displacements at smaller loads. Table 2.4 lists the characteristics of the perspex

specimens and of the cracks produced in them.
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Figure 2.3: (a) Microscope photograph of a segment of crack mouth through the width of
specimen T-1 (the notch was removed). (b) Microscope photograph of a segment of crack

side along the depth of beam T-1.

2.3 Characterization of cracks

Both VAM and thermosonics exploit the motion of the crack interfaces to generate
effects that can then be measured, as discussed in the Introduction. Therefore, it is
important to know as precisely as possible the features of these cracks, so that they
can be correlated to the measurements of respectively ultrasound modulation and

surface temperature rise.

2.3.1 Measurement of crack opening

The degree of crack opening in the initial unstrained state was first assessed visually
by means of images taken in a microscope as in Figure 2.3 (a) and (b). Such images
provided an initial approximate measure of the crack mouth opening displacement
(CMOD). However, a better understanding of the “breathing” of the cracks was
achieved using a compliance method [14]. The principle exploited by this technique
is that, in the region close to a small crack, the stress/strain characteristic varies as
the crack changes its openness under the effect of loading. Therefore the compliance

C' is a function of the strain € when measured on the crack or close to it. This is
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Figure 2.4: (a) Photo showing the edge of a crack (where the cross-crack strain gauges
were positioned) and, (b), three-point bending rig for the measurement of initial partial
crack opening. The cross-crack strain gauge is placed on top of the crack for sensing the

crack opening/closing.

due to the local load path variation around the crack as the geometry (openness) of
the crack changes [15]. Such path deviation would not occur once either of the the
two limit states of the crack are reached, when the crack is fully open (becoming

substantially equivalent to a notch) or fully closed (equivalent to absence of fracture).

The compliance test could be done using the three-point bending rig as in Figure 2.4.
The crack opening behaviour was measured by testing with the crack at the bottom
face of the beam (this configuration is the one shown in Figure 2.4), whilst closure
was measured by reversing the beam so that the crack was at the top face and subject
to compression when the beam was loaded. The strain across the crack, sensitive to
the crack opening and closing, was measured by a foil strain gauge (Kyowa model
KFG 120) and a reference foil strain gauge (same model) was positioned at the back
of the beam, on the same cross section of the crack (back-face strain gauge). This
arrangement is shown in Figure 2.4 (b). The load, the cross-crack strain and the
back-face strain were all recorded during the tests. An example of the load and back-
face strain signals is shown in Figure 2.5 during cycling at 5 Hz in the direction to
close the crack of specimen CO (see list of specimens in Section 2.4). The cross-crack
and back-face strain can be plotted against the load to obtain the graph of Figure

2.6. The full closure of the crack corresponds to an increased stiffness compared
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Figure 2.5: FEzample of load and cross-crack strain vs time during cyclic loading at 5
Hz in the direction to close the crack of specimen CO. The oscillating hydraulic piston is

contacting the beam only during part of its cycle hence providing an unloaded/unstrained

reference condition within each period.

to partial closure; the exact closure point was estimated, for this crack, at -1.1 kN
corresponding to 220 pe measured at the back-face strain gauge (dash-point line in

Figure 2.6).

In Figure 2.7 the compliance (strain per unit load, calculated as the first derivative
of the curves shown in Figure 2.6) measured by both strain gages on the cracked
specimen T-2 is plotted as a function of the back-face strain for both directions of
loading. The crack shows the “breathing” behaviour typical of a partially open crack
in its initial unstressed status. It is noteworthy that, during the loading to close the
crack (positive back-face strain), the compliance measured across the crack reaches
the value of the constant compliance measured by the back-face strain gauge. This
means that, for this crack, full crack closure was reached at around 275 pe measured

at the back face. However, it was not possible to state the exact strain at which the
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Figure 2.6: Back-face and cross-crack strain vs load showing the sensitivity of the cross-

crack strain to the closure of the crack in specimen CO.

crack was fully open (negative back-face strain), since the compliance of the specimen
did not reach a constant value before the maximum compressive load. The jump
in the data close to zero strain was observed while a low load was applied to the
specimen to close the crack. It is believed that this jump was the result of rocking
of the specimen on its supports due to imperfect parallelism between the specimen
and the supports. It is important to stress that the compliance tests were made at
a fraction of the maximum load used to produce the cracks (100 pe at the back-face
corresponded approximately to 0.1 kN load on 10-mm-thick beams) and therefore
it was assumed that the compliance tests neither changed the crack morphology
nor propagated the crack significantly. For this reason, full crack opening was not

always reached.
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Figure 2.7: (a) Compliance to loading of specimen T-2 (before removing the notch) as
measured by the cross-crack and back-face strain gauges. The back-face strain gauge is
insensitive to crack opening as shown by constant compliance. (b) Schematic illustration

showing the back-face strain corresponding to full crack opening and full crack closure.

2.3.2 Measurement of crack size

As mentioned earlier, an initial visual inspection revealed that the depth of the

cracks at their edges over two opposite sides of the beams [as seen in Figure 2.4 (a)]
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Figure 2.8: (a) Cracked cross section of specimen S-1 (used in VAM) after breaking the
specimen in two halves. (b) Cracked cross section of specimen T-1 (used in thermosonics)

after breaking the specimen in two halves.

was generally slightly different, implying that perfectly uniform propagation of the
crack front from the root of the notch was not achieved. In some cases, the crack
front deviated slightly out of the notched cross section of the beam as shown in
Figure 2.8. In order to obtain a more accurate characterization of the profile of each
crack, the samples were broken in half after the VAM /thermosonics experiments
were completed. The crack depth at the edges and at the point of maximum depth
(the crack profiles all exhibited a slight concavity) were measured by taking pictures
of the crack profiles using a magnification factor of about 10 [Figure 2.8 (a) and (b)].
From these measurements the percentage of cracked cross section for each beam was

estimated.

2.3.3 Measurement of crack roughness

Once the specimens were broken, the roughness of the crack surface and the aver-
age spacing between the asperities were measured using a Talysurf surface profiling
machine, usually scanning along a 15 mm line across the width of the cracks. An

example of such a measurement is provided in Figure 2.9. The roughness and the
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Figure 2.9: Altimetric profile of the crack of specimen T-1 measured over a line by the

Talysurf profiling machine.

mean peak spacing were calculated after having filtered out the low spatial frequen-
cies from the raw data acquired by the profiling machine. A cut-off frequency of 0.8
mm was used. This had to be done in order to achieve a correct description of the
sharpness and spatial density of the crack asperities, having removed the spatial low
frequency components given by the irregular shape of the crack mouth that can be

seen in Figure 2.3 (a).

2.4 Characteristics of specimens and cracks

Three sets of mild steel cracked beams and one set of cracked perspex beams were
produced in total. The steel beams were cut from square-cross-section lengths of
cold-drawn mild steel. The perspex beams were cut from plates of dimensions 300 x

300 x 25 mm.
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2.4.1 Specimens used for VAM

The characteristics of the set of steel beams used in the VAM experiments are
listed in Table 2.1. Steel beams of three lengths were used, 300 250 and 200 mm.
These were labelled respectively “L”, “M” or “S” and sequentially numbered. Three
lengths were used in order to have the flexural modes of the beams at different
frequencies. The notches had the same depth but different angles to understand
if this could affect the formation of straight cracks. For beam M-1 the number of
loading cycles before the fatiguing was stopped was as little as around 13 thousands,
whilst for beam S-1 they were an order of magnitude higher nearly reaching 150
thousands. The number of cycles N for all beams was approximately in the range
of 10* — 105, meaning that the crack formation was not clearly low-cycle type (i.e.
plastic strain driven) or high-cycle type (i.e. stress driven). Therefore, by the time of
the appearance of the crack, a rather small plastic zone around the root of the notch
was formed. This plastic zone was likely to be wider for specimen M-1 compared
to specimen S-1. An extra specimen CO was cracked after the need of studying
the effect of the initial partial crack opening on the ultrasound modulation in VAM
became evident. This will be described later in Chapter 4. Only for this specimen
the values of back-face strain corresponding to full crack closure and opening were
measured. However, since the loading for specimen CO was done with settings
similar to those used for all other specimens, it could be deduced that a similar

crack “breathing” was occurring for all specimens.

2.4.2 Specimens used for thermosonics

The characteristics of the set of steel beams used in the thermosonic experiments
for the study of the surface temperature rise prediction algorithm are listed in Table
2.2. Beams 300 mm long were cut and sequentially numbered (T-1, T-2 etc.).
Notches 5 mm deep were used to initiate the cracks. The fatiguing was stopped
many thousands cycles after the crack had initially formed in order to propagate

the defects well into the depth of the material, for around 1 to 3 mm. The fatiguing
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Table 2.1: Characteristics of the cracked steel beams used in the VAM experiments.

Beam L-1 | M-1] S-1 | L2 |M2| S-2 | CO

Length (mm) 300 | 250 | 200 | 300 | 250 | 200 | 250
Thickness (mm) 19 119 | 19 | 19 | 19 | 19 | 19
Notch depth (mm) 2 2 2 2 2 2 2
Notch angle (deg.) 60 | 60 | 60 | 90 | 90 | 90 | 90

Flexural length (mm) 240 | 190 | 140 | 240 | 190 | 140 | 190
Load (kN) 6 | 65| 7 7T 183 |85 | 7

N cycles (x103) 137 | 38.2 | 148 | 33.4 | 34.7 | 29.2 | 52.1

Crack depth at edge 1 (mm) | 29 | 22 | 25 | 3.1 | 1.7 | 1.6 | 1.6
Crack depth at edge 2 (mm) | 14 | 1.3 | 23 | 23 | 1.6 | 1.6 | 1.1

Max. depth (mm) 34| 24|36 | 34| 23| 21|18

% cracked area 9.8 | 11.1 | 16.6 | 16.1 | 10.6 | 10.4 | 8.5

Crack breathing Yes | Yes | Yes | Yes | Yes | Yes | Yes
Closure back-face strain (ue) | - - - - - -] 220
Aperture back-face strain (pe) | - - - - - - | -30
Roughness (um) 79 (89 | 65| 16 | 7.6 | 9.6 | 84

Mean Peak Spacing (um) 183 | 230 | 199 | 353 | 171 | 218 | 202

loads were generally the same for all specimens. However the fatiguing was stopped
after a larger number of cycles when a larger crack needed to be produced. After
the cracks were produced, the beams were machined to remove the notches and a
layer of material of the same thickness on the opposite side. The final thickness of
the beams was 10 mm. Rather large cracks were generated, with sizes between 13%
and 40% of the final cross-section area. The crack “breathing” measurements were
performed to ensure that the machining did not alter drastically the partial opening
state of the cracks hence resulting in tightly closed or fully open cracks. This would
have been equivalent to having a continuum or an open slot (both would not heat up

using thermosonics). A further reason to remove the notches was that of preventing
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Table 2.2: Characteristics of the cracked steel beams used in thermosonics for the study

of the algorithm to predict the temperature rise.

Beam T-1| T-2 | T-3 |T-4] T-5 T-6 T-7

Length (mm) 300 | 300 | 300 | 300 | 300 300 300

Thickness (mm) 10 10 10 | 10 10 10 10

Notch depth (mm) 5 5 5 5 5 5 5

Notch angle (deg.) 90 90 90 | 90 90 90 90

Flexural length (mm) 240 | 240 | 240 | 240 | 240 240 240

Load (kN) 51| 37 |39 43| 39 | 40 | 41

N cycles (x10%) 44 86 57 | 39 70 69 o6

Crack depth at edge 1 (mm) | 3.8 | 2.7 1.5 |09 ] 28 2.7 1.6

Crack depth at edge 2 (mm) | 2.7 | 2.4 1.6 | 0.7 | 28 2.8 2.0

Max. depth (mm) 42 | 3.1 20 | 14| 34 3.5 2.5

% cracked area 40 29 18 | 13 28 31 22

Crack breathing Yes | Yes | Yes | Yes | Yes Yes Yes

Closure back-face strain (ue) | 450 | 275 | 400 | 160 | 300 350 100
Aperture back-face strain (ue) | -60 | <-200 | -150 | -75 | <-180 | <-250 | <-250

Roughness (um) 60| 70 | 66 |68 | 7.0 7.1 6.4

Mean peak spacing (um) 172 | 156 | 160 | 172 | 156 172 159

accumulation of black paint at the root of the notch when preparing the beams for

IR measurements (this will be described in detail in Chapter 5). The non-uniformity

of the paint on the notches can cause artifacts on the IR images. The combination

of relatively thin beams with large “breathing” cracks allowed the relative motion

of the contacting interfaces to produce an amount of heat large enough to measure

a clear temperature rise during vibration.

The characteristics of the set of steel beams used for the study of the vibration

required to reliably detect small cracks in metals using thermosonics are listed in
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Table 2.3: Characteristics of the cracked steel beams used in thermosonics to find the

minimum detectable crack size.

Beam Tr-1| TT-2 | TT-3 | TT-4 | TT-5 | TT-6 | TT-7
Length (mm) 300 | 300 | 300 | 300 | 300 | 300 | 300
Thickness (mm) 17 17 17 17 17 17 17
Notch depth (mm) 1 1 1 1 1 1 1
Notch angle (deg.) 60 60 60 60 60 60 60
Flexural length (mm) 240 | 240 | 240 | 240 | 240 | 240 | 240
Load (kN) 8.0 8.2 8.0 8.2 8.3 8.3 8.3
N cycles (x10?) 38 40 o6 61 20 40 o1

Crack depth at edge 1 (mm) | 0.5 0.7 1.1 0.7 0.3 0.6 0.6

Crack depth at edge 2 (mm) | 0.5 0.4 1.0 0.5 0.6 0.5 0.4

Max. depth (mm) 0.9 0.8 1.5 0.7 0.7 1.0 1.0
% cracked area 4.5 3.5 7.8 2.9 3.6 4.8 4.9
Roughness (um) 6.3 6.0 6.9 6.2 6.9 6.9 6.6

Mean peak spacing (pum) 152 | 162 | 182 188 | 199 | 180 | 165

Table 2.3. Beams 300 mm long were cut and sequentially numbered (TT-1, TT-2
etc.). Shallower (1 mm) and sharper (60 degrees) notches were used. The fatiguing
was stopped soon after the presence of a crack became clear in the microscope. This
ensured that smaller cracks were produced than those of the previous batch. After
the cracks were produced, the notches and the same thickness on the other side of
the beams were removed for the same reasons explained in the previous paragraph.
In this way, cracked beams with cracks embedded into initially thicker specimens
were obtained. These comparatively stiffer beams with cracks of smaller dimensions
(approximately 3% to 10% of the total cross-section area) were ideal to carry out a
study aimed at establishing criteria for the reliable crack detection of small defects

(see Chapter 6).
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Table 2.4: Characteristics of the cracked perspex beams.

Beam P-1| P2 | P3| P4
Length (mm) 300 | 300 | 140 | 140
Thickness (mm) 25 | 25 | 25 | 25
Notch depth (mm) 6 7 5 6
Notch width (mm) 1 1 1 1
Flexural length (mm) 280 | 280 | 130 | 130
Crack depth at edge 1 (mm) | 2 3 5 18
Crack depth at edge 2 (mm) | 0 1 5 18
Roughness (um) 0.65 | 0.81 | 0.45 | 0.57

2.4.3 Perspex specimens

The characteristics of the set of perspex beams used both in the VAM and ther-
mosonics experiments are listed in Table 2.4. The beams were sequentially named
P-1, P-2 etc.. These specimens were not used extensively in this work. In VAM,
perspex offered the possibility to carry out some experiments using cracked speci-
mens with a material Q-factor much lower than metals, and to compare this with
the predictions (see Chapter 4). In thermosonics, perspex cracked beams were used
initially when the excitation was not optimized and high values of vibration ampli-
tude could not be achieved. Since the thermosonic signal could not be measured
in metals at low vibration levels (see Chapter 5), the perspex beams were used to
demonstrate the thermosonic method of NDT. The low thermal conductivity co-
efficient of perspex allowed the heat to build up at the crack hence generating a

measurable temperature rise even at low vibration amplitudes.

In this Chapter the production of sets of laboratory specimens with calibrated cracks
has been reviewed. The aim at this stage of the research was to produce specimens
with different cracks of known characteristics. However, the propagation of straight

cracks in the desired direction resulted difficult to control. For this reason, the
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specimens were broken in half after the completion of the experiments to reveal the

exact shape and size of the defects.
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Chapter 3

Damping measurements

3.1 Introduction

As seen in Chapter 2, the morphology of fatigue cracks can be characterized by mea-
suring several parameters including the opening of the crack mouth, the shape of the
crack front, the crack size and the crack roughness. However, fatigue cracks can also
be characterized by measuring the effect of their presence on the vibration of a body.
The presence of a crack in a structure is known to change fundamental vibration
parameters like the resonance frequency [16], and the vibration damping [17]. These
effects are currently employed as working principles in various NDT applications for
the detection of cracks [18,19]. In this study, the vibration damping due to the
presence of a fatigue crack in the beams will be measured. This extra-damping is
introduced in the specimens by the cracks in addition to the baseline material and
joints/supports damping. The experimentally obtained estimate of this additional
damping will be exploited throughout this work for several purposes. First, it will
provide an initial estimate of the relative crack severity among cracked beams be-
longing to the same batch. If similar loading conditions are maintained during the
fatiguing process of a group of specimens, a similar degree of initial crack opening
and a similar crack profile can be expected. In this case, the size of the cracks will

be directly correlated to the crack damping. Second, it can be used as a means of
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predicting the thermosonic temperature rise caused by the local energy dissipation
at the crack during vibration. This is theoretically possible since the crack damp-
ing is related to the ability of the cracks to dissipate mechanical energy into heat.
Third, the measurement of damping can be simply used to detect the cracks. A
by-product of these measurements will be the possibility to compare the sensitivity
of the damping measurement method to those of VAM and thermosonics. It will
be interesting to prove whether either of the two new techniques shows increased

sensitivity over the traditional damping measurement method.

In metallic damped structures subject to vibration, it is known that the stress/strain
relation is non-linear and exhibits a loop behaviour known as hysteresis [20]. The
area included in the o/e loop represents the energy dissipated per cycle per unit

volume AV [20]:

AV = fadg. (3.1)

The specific damping coefficient ¥ is defined as AV normalized to the maximum

strain energy, V, stored in the unit volume during the cycle:

_av
A

The study of the hysteresis mechanisms in materials and structures is the subject

U (3.2)

of ongoing research by physicists and engineers [21-25]. In engineering applications,
simplified models of hysteresis are widely used. Hysteretic damping (also known as
structural or linear damping) is a simple model of damping which approximates the
hysteresis loop with an ellipse by assuming a constant phase delay between stress and
strain. The loss factor 7 is introduced in the steady-state forced vibration analysis
of hysteretically damped structures and is a measure of the phase delay a between

stress and strain [26]. Making use of the complex elasticity modulus E it is:

_ Im(E®)
= Re(E)

= tan a. (3.3)

The area of the ellipse (AV') of the hysteresis loop in the stress-strain coordinate
system can therefore be given, in the case of structural damping, as a function of

the loss factor:

AV = melRe(E)n, (3.4)

56



3. Damping measurements

where € is the maximum strain in the cycle. Since the maximum energy stored per

unit volume is
(3.5)

the specific damping coefficient W for hysteretic damping can be expressed in terms
of n:

A
U = 7‘/ = 27 (3.6)

and is independent of the frequency of the exciting force.

In the study of vibrational damping it is common to refer to other parameters such
as the logarithmic decrement of vibration, 9, and the Q-factor, (). The first measures
the decay rate of a vibration mode in the time domain [27], the second is a measure
of the sharpness of the resonance peaks of a frequency response function in the
frequency domain [28]. For the freely decaying mode N, after a number of cycles ¢,

the logarithmic decrement of vibration is defined as [27]:

1. A
Sy = glnj; (3.7)

where Ay and A; are respectively the amplitudes of the vibration at the onset and
after ¢ cycles. The relation between the logarithmic decrement of vibration and the

loss factor is [27]:

ON
= (3.8)

For the forced excitation case, if a system is excited around the resonance frequency

of the mode N, fy, the Q-factor is given approximately by [28]:

iy
fi— o

where f; and fy are the two half-power points. Provided that the damping is not

Qn

(3.9)

too large, the Q-factor is simply related to the loss factor [27]:

1

NN = Ox (3.10)
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The extra damping introduced in each beam by the presence of a fatigue crack is
generally dependent on the crack size and its morphology (including the size and
shape of the plastic zone around the crack tip) and on the pattern and magnitude of
the stress distribution on and around the crack when the specimen is vibrated (i.e.
the vibration mode shape and amplitude). The idea in this work is to measure the
crack damping as the difference between the loss factor measured for one cracked

beam in the mode N and the loss factor for an uncracked beam in the same mode

N:

ncrack7 N = Neracked beam, N — Nuncracked beam, N - (311)

The vibration loss factor n is the chosen reference parameter to be measured.

3.2 Specimens used for VAM

Damping tests on the VAM specimens were carried out for a comparison between
damping and VAM as NDT methods for the detection of cracks. A simple method
of measuring vibration damping is by exciting the structure with an impact, and
then analysing the following vibration decay. The position of the impact force, its
direction and the duration of the impulse will determine the modes and the maxi-
mum frequency excited [28]. For the VAM specimens, the damping was measured by
impacting the specimens with a small steel ball of diameter 5 mm at the middle of
the beams in the perpendicular direction (see Figure 3.1). The ball was suspended
so that it could swing freely as a pendulum. The out-of-plane velocity component of
the structure response was measured using a laser vibrometer model Polytec OFV
505 pointed towards the crack. The beams were supported by taut strings at the
nodal lines of the 1st bending mode. Hence, the crack damping measurements for
the VAM specimens were optimized for this mode since its damping was virtually
unaffected by the damping introduced by the supports. The decay following the
impact was recorded using a digital storage oscilloscope. The vibration of the 1st
bending mode was then extracted from the recorded time trace using a digital low-

pass filter. Plotted on a logarithmic scale, the amplitude decay of this mode is
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Figure 3.1: (a) Schematic representation of the multi-mode impact damping measure-
ment optimized for the 1st flexural mode. (b) Picture showing the implementation of the

measurement.

linear and from the slope of this line, the damping constant of the mode can be

calculated [26].

The results of 10 repeated damping measurements on the specimens used in the VAM
investigation (beams of Table 2.1) are shown in Figure 3.2. The average loss factor of
the 1st bending mode, 7)1, is plotted vs the size of the crack given as percentage of the
total cross-section area. The uncertainty on the mean value is expressed by plus or
minus one standard deviation. The measurement of the area of the crack was taken
after breaking the specimens. Specimen S-1 exhibits a relatively higher uncertainty
(order of 15%) than the other specimens; this could depend on the morphology of
this particular crack. These results show that the loss factor tends to increase with
increasing crack severity, even though the trend is clearly nonlinear. This has been
already observed in the literature [17]. From a practical point of view this implies
that it would be increasingly more difficult to detect cracks smaller than 10% of the
original cross section using the damping test. The crack of specimen M-2 (10.6%
crack) is already barely detectable, with the average of the repeated measurements
very close to the baseline damping measured for the undamaged specimens (dashed

line in Figure 3.2). This could possibly be explained by a larger initial crack opening
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Figure 3.2: Comparison between the 1st bending mode loss factor and the actual crack
size expressed as the percentage of the total cross-section area for the specimens of Table
2.1. The vertical line through each point represents plus/minus the standard deviation
for 10 repeated measurements. The dashed line represents the baseline damping level for
the undamaged beams labelled MO, SO and L0 (average of measurements for 3 uncracked

beams).

compared to the other cracks of similar size.

The same measurements were taken on two perspex samples, one uncracked and
one cracked (specimen P-2 of Table 2.4). The results are given in Table 3.1. Both
the loss factors of the 1st and the 3rd flexural modes (the supports were optimized
for either mode) were calculated from the impact decays. The cracked specimen
shows substantially the same damping as the uncracked specimen. This is due to
the baseline material damping which is higher for perspex than steel, hence not
allowing the cracked specimens to be differentiated. In addition, the crack surface

in the perspex specimens is characterized by a much smoother profile compared to
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Table 3.1: Results from damping tests carried out on two perspex beams, one cracked
(specimen P-2 of Table 2.4) and one undamaged. The loss factors of the 1st and 3rd bend-
ing modes were measured. The standard deviation obtained over 10 repeated measurements

s given in brackets.

Undamaged Cracked

m(x1073) | 51.2 (sd = 1.0 x 1073) | 48.7 (sd = 0.6 x 1073)
15(x1073) | 36.5 (sd = 0.8 x 1073) | 36.3 (sd = 0.9 x 1073)

a crack in steel (this can be explained by static loading instead of cyclic loading,
see section 2.2). If we assume that a major portion of the additional crack damping
is generated by friction at the asperities [29], it can be expected that cracks with a

few smooth asperities would dissipate less energy during vibration.

3.3 Specimens used in thermosonics

The reason for conducting damping tests on the thermosonics specimens is twofold:
first, to provide an estimate of the severity of the defects prior to breaking the spec-
imens and, second, to be used as an input for the calculation of the heat dissipated
at the crack during vibration. We will see that the latter task requires additional
damping tests compared to those performed on the VAM specimens. In principle,
the specimens would have to be vibrated at the same amplitude levels and in the
same modes which are likely to be excited in the thermosonic tests (strain in excess
of 10-20 pe at frequencies up to 200 kHz, see Chapter 5 for further details). This
could have been achieved by using the thermosonics acoustic horn as the exciter for
the damping tests as well. However, the coupling between the horn and the beams
would have introduced a high level of damping in the system, thus compromising the
ability to measure the damping due to the crack. In addition to this, there would
have been the problem of the non-reproducibility of the vibrations excited by the

horn, making the damping measurements even more problematic. It was therefore
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concluded that the horn excitation was not viable, and alternative damping tests
were arranged to achieve a measurement of crack damping at large strain and high

frequencies.

3.3.1 Initial multi-mode impact tests

As mentioned earlier, the impact test has the potential of exciting multiple modes
simultaneously, hence allowing the damping to be retrieved for several modes at
the same time from the analysis of a single vibration decay. Therefore, the initial
damping measurements for the thermosonics specimens (specimens T-1 to T-7 in
Table 2.2) were carried out using the same setup used for the VAM specimens [Figure
3.1 (a) and (b)]. The impacts were produced using a small steel ball of diameter 5
mm directed towards the middle of the beams and in the perpendicular direction. In
Figure 3.1 (b), it can be seen that the steel ball is attached to a thread which bends
around an horizontal rod, as the pendulum is swung, to provide the impact on one
of the beams of Table 2.2. In this way, odd flexural modes of the beams were excited
up to around 70 kHz, since the ball could produce a relatively short impulse. The
out-of-plane velocity component of the structure response was measured using the
laser vibrometer . The decays following each impact were recorded using a digital
storage oscilloscope and then processed as a time-frequency plot using the short-
time Fourier transform. This allows the modes of the structure to be separated
in frequency, while their decay can be measured in time [30]. As discussed in the
previous section, it is then possible to retrieve the mode loss factor, as the decay
slope of each mode plotted on a logarithmic scale is a measure of the loss factor of

that mode.

The results of these measurements are reported in Figure 3.3. The odd flexural
modes up to the 19th (at around 70 kHz) could be excited. The damping of the
uncracked beam was clearly lower than that of all the cracked beams at all frequen-
cies. The severity of the cracks correlated well with the average level of damping
measured for each specimen; for example beams T-1 (40% crack) and T-4 (13%

crack) respectively exhibited the highest and lowest loss factors among the cracked
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Figure 3.3: Measured loss factors and natural frequencies of the first 10 odd flexural

modes for the set of beams used in the prediction of the thermosonic signal (specimens T-1

to T-7 in Table 2.2).

beams. However, using this setup, it was never possible to excite vibrational strain
amplitudes as high as those obtained in the thermosonic tests for the flexural modes
of order higher than 7 (which has a resonance frequency at around 13 kHz). For such
high order modes, the amplitudes were up to a factor of 100 lower than the typical
amplitudes excited in the thermosonic tests. Furthermore, most of the vibrational
energy excited in thermosonics is typically within the interval 40 - 120 kHz, whereas
in these damping tests the higher amplitudes are all excited at low sonic frequencies.
Bovsunovsky [29] and Goken [31] have recently found that cracked structures can
exhibit strong amplitude dependent vibration damping and the vibration damping
can tend to decrease with increasing vibration amplitude, in contrast to classical

structural damping which usually increases with increasing vibration amplitude.
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Figure 3.4: Schematic representation of the setup for the measurement of the crack

damping using forced vibrations.

These findings further motivate the necessity of testing the crack damping using

other methods. In the next phase, forced vibration damping tests were conducted.

3.3.2 Forced vibration tests

The testing rig shown in Figure 3.4 was devised in the attempt to achieve more
vibration strain in the range of frequencies previously excited and, possibly, at higher
frequencies. In the forced vibration tests, the oscillating force was applied at the
end of the beams by a small PZT disc driven at the chosen frequency by means
of a power amplifier (Macro-Design Wave-Maker) connected to a signal generator
(Agilent 33220A). The use of small PZT discs ensured that the additional damping
introduced by bonding them to the beams was negligible. The vibration could
be tuned to the resonances of the odd flexural modes of the beams in the range
20 - 90 kHz (the power amplifier could not operate below 20 kHz, whereas the
flexural resonances above 90 kHz could not be separated from other more complex
modes [32]). Unfortunately, however, the target thermosonic vibration amplitude
(10 - 20 pe) could not be reached; a vibrational strain in the range 1 - 2 pe was
generally achieved for all specimens. This was due to the small force that the PZT
discs could transmit to the test-piece. The computation of the vibration loss factors

was carried out using the half-power point method (equation 3.9) sweeping the
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Figure 3.5: Loss factors as a function of frequency/mode-shape measured using the setup
of Figure 3.4. The typical strain amplitude was between 1 and 2 pe at all frequencies. The
dotted line is the calculated variation of the loss factor vs frequency for specimen T-6, on

the assumption that AV is constant with frequency.

excitation frequency around the resonance frequencies of the odd flexural modes to
find the half-power points. These results are shown in Figure 3.5. Since the desired
strain could not be achieved, these measurements could not be used directly to
predict the heat dissipated at the crack during vibration in thermosonics. However,
the analysis of the results obtained in the forced excitation tests produced other

important considerations.

Bovsunovsky [29] and Goken [31] reported that the energy per unit strain, AV, dis-
sipated per cycle by a crack during flexural vibrations in beam-like structures can
reasonably be assumed to be independent of frequency even though it can exhibit
strong variation with amplitude. This is reasonable, considering that, for a given
thickness, the curvature of a beam during bending vibration (which drives the open-

ing and closing of a crack) is directly proportional to the strain but does not depend
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Table 3.2: Results from the finite-element modal analysis of the beams used in the predic-
tion of the thermosonic signal (specimens T-1 to T-7 of Table 2.2). The mode shapes were
mass-normalized. The strain at the crack position (known as back-face strain from Chapter
2) is the strain in the mass-normalized modes. The strain energy of the mass-normalized

modes is calculated from the value of the natural frequency [V = %(27rfN)2].

Flexural mode N | Natural frequency fy (Hz) | Back-face strain (x10°ue)
1 590 2.94
3 3136 13.7
5) 7523 324
7 13466 56.7
9 20655 84.9
11 28808 115
13 37685 147
15 47097 179
17 55985 212
19 66964 244
21 77200 275
23 87424 300

on the mode order. In other words, the opening/closing status of the crack is fixed
as long as the same strain is reached irrespective of the flexural modes excited. This
scenario implies a reduction of ny with frequency, as the strain energy stored in each
mode per unit strain squared, Vy, increases with increasing order N (see equation
3.6). The analytical formula for the strain energy in pure bending of beams could
be used to calculate Vy [33]:

Ls d2
Vi = ng/ [ZLSC)}%:, (3.12)
0 X

where K’ is a constant which depends on the natural frequency of the mode, on the
geometry of the crosssection and on the material properties, and yy(z) is the mode

shape of the beam (of length L) along the coordinate z. However, this would only

66



3. Damping measurements

give accurate results up to the 3rd or 5th flexural mode [33] for thick beams, such as
those used in this study. Given the aspect ratio of the beams, the contribution from
shear stresses to the overall strain energy is significant starting from approximately
the 5th flexural mode [34]. Thus, a finite element analysis (FEA) is required to
calculate the appropriate values of Viy. The principal results of the modal FEA
carried out for an uncracked beam of the same geometry as the beams used in the
prediction of the thermosonic signal (specimens T-1 to T-7 of Table 2.2) are shown in
Table 3.2. The cracked and uncracked specimens will have slightly different natural
frequencies and, due to the loss of stiffness generally produced by cracks, the strain
energy of the cracked beam will be slightly lower than that of the uncracked beam.
However, for small cracks, these effects are small so that ignoring such changes can be
considered a good enough approximation [35]. The mode shapes obtained from the
modal FEA were mass-normalized, hence the strain energy in each mode could be
calculated as %w?\,, with wy = 27 f, where w% and fy are respectively the eigenvalue
and the natural frequency of the mode N [28]. The finite element strain energy per
unit strain squared is simply obtained by dividing these values of strain energy by
the finite element strain at the crack position in the mass-normalized modes. In
Figure 3.5, the loss factors generally follow a decreasing trend with frequency, more
pronounced for specimens T-1 and T-5 which had two of the deepest cracks. The
dashed line (which refers to specimen T-6) was calculated by evaluating the energy
dissipated per cycle per unit strain amplitude in the mode N using the definition of

loss factor,
A‘/N = 27T77cracked beam,NVN’ (313)

and considering the measured loss factor at the lowest frequency (eracked beam,o With
mode 9 at around 20 kHz) and the strain energy per unit strain amplitude (Vo) which
was obtained from the eigenvalue FEA of an uncracked beam described earlier. The
loss factors in the higher modes for specimen T-6 were then obtained from equation
3.13 using this initial (constant) value of energy dissipated per cycle and unit strain
amplitude (AVy) and the values of strain energy per unit strain amplitude obtained
from FEA in each mode of order higher than 9. The trend of the dotted line in

Figure 3.5 broadly follows the measured data, confirming that the assumptions of
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Figure 3.6: Schematic representation of the setup for the measurement of the crack

damping as a function of strain in the 3rd flexural mode.

Bovsunovsky and Goken provide a reasonable representation of the behaviour of
the cracks used in this investigation. Therefore, the loss per cycle, AV, could be
measured in any odd flexural mode of the beams that is possible to excite up to
strain amplitudes of the same order as the thermosonic amplitudes. Then, these
values of AV could be used in equation 3.13 to compute the loss factors n at high
amplitudes in any other odd flexural mode. This process would, in the end, give
an estimate of crack damping at high amplitudes and high frequencies as required
to calculate the exact amount of heat dissipated at the crack during vibration in
thermosonics. Therefore, it was only necessary to excite high strains in one mode

at low frequency, where it is easier to achieve higher strain amplitudes.

3.3.3 High amplitude impact tests

The arrangement in Figure 3.6 was devised to selectively excite the 3rd flexural mode
of the beams to investigate the amplitude dependence of the energy dissipated by
the crack in one cycle, AV. The 3rd flexural mode was chosen since (a) its resonance
is at around 3 kHz, and hence is low enough to be easily excited by impact from

a large steel ball (diameter 15 mm) and (b) its vibration maxima are conveniently
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located close to the nodes of modes 1 and 5 (also represented in Figure 3.6); it
was therefore easy to excite mode 3 with little contamination from the adjacent
odd flexural modes. The even flexural modes 2 and 4, even though excited, did
not contribute to vibrating the crack as they have a vibration node at the middle
of the beams. The beams were supported on tiny (diameter 0.5 mm) taut strings
positioned at the vibration nodes of the 3rd flexural mode, which was typically
excited up to around 30 pe (hence at amplitudes of the same order of those usually
recorded in the thermosonic experiments). After the impacts, the vibration decayed
freely and the velocity was measured by the laser vibrometer and recorded using a
storage oscilloscope. A typical time-history of vibration decay is shown in Figure 3.7
(a); the corresponding FFT is given in Figure 3.7 (b). After filtering out the decay of
the 3rd flexural mode [Figures 3.7 (c¢) and (d)], the loss factors n(e) were calculated
for decreasing vibration amplitudes by considering the logarithmic decrement of
vibration (calculated according to equation 3.7) in successive slices of the vibration

transient [these are shown in Figure 3.7 (c)].

The results of this procedure are reported in Figure 3.8 for all specimens. The max-
imum strain excited was around 30 pe peak for all specimens. A strong amplitude
dependence of n, with decreasing damping for increasing strain, was found only for
specimen T-1 which had the biggest crack and the largest initial partial crack open-
ing (lowest full opening strain as seen in Table 2.2). A much less severe reduction
of n with increasing strain was measured for crack T-5, which was also relatively
large. Specimens T-2, T-3 and T-6 showed a moderate increase of crack damping
with increasing amplitude whilst the cracks of specimens T-4 and T-7 showed virtu-
ally constant damping. These results, obtained from the excitation of a single low
frequency flexural mode, could be used to estimate the damping in any odd flexural
mode using the assumption validated above that, at a given strain level, the energy
loss per cycle (AV') is independent of frequency. Often, strain larger than 30 ue was
reached in the thermosonic tests; in such circumstances the value of n measured at
the highest strain available for that specimen was used to represent the loss factor

at higher amplitudes.
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Figure 3.7: Steps in the estimation of n as a function of time from the impact tests of
Figure 3.6. (a) Time trace of the vibration decay after an impact on specimen T-7 and,
(b), its Fourier transform. (c) Vibration decay of mode 3 of specimen T-7 after band-pass
filtering and, (d), corresponding Fourier transform. The sections in (c) show the time step
used to calculate m from the logarithmic decrement of vibration, 0, according to equation

3.7.

The same single-mode measurements and post-processing were carried out on the
specimens used later (see Chapter 6) for the study of the vibration thresholds re-
quired to detect small cracks (cracked cross section less than 10% of total cross
section) in thermosonics. The details of these specimens, labeled TT-1, TT-2, etc.,
were presented in Chapter 2 in Table 2.3. Damping measurements were taken for
these specimens to confirm that small cracks had been produced, and hence the

specimens were suitable for such a study, and to estimate the approximate relative
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Figure 3.8: Loss factors as a function of strain in the 3rd flexural mode for the beams

T-1 to T-7 (Table 2.2) used for the prediction of the thermosonic signal.

crack size within the batch prior to breaking the specimens. Since the specimens
TT-1, TT-2, etc. are thicker (17 mm) than those from the previous batch (T-1,
T-2, etc. all had a thickness of 10 mm), the 3rd flexural mode could be excited only
up to around 25 pe peak. This time, the beams did not show amplitude dependent
damping. This was a first indication that the cracks could be as small as required,
since for the previous batch amplitude-dependent damping was only observed for
large cracks. To achieve an estimate of the crack damping as accurate as possible,
10 repeated measurements were carried out on each of the cracked specimens and
on an additional uncracked one. The results of these measurements are presented
in Figure 3.9 where the average 73 is plotted vs the actual crack area given as a
percentage of the total cross section (known after breaking the specimens). The av-
erage loss factor in mode 3 was calculated as the average with respect to the strain
amplitude [readings available for each section of the transient of decay as in Figure

3.7 (c)] and over 10 repeated measurements. The uncertainty on the mean value
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was expressed by plus and minus one standard deviation. The data show that the
cracked specimens consistently exhibit a larger average damping compared to the
reference uncracked specimen, although with overlapping uncertainty intervals, and
the trend indicates an increasing damping with increasing crack size. The results
on the cracked specimens were, thus, in line with expectations. The scatter is due
to the variability of the morphologies of the cracks, including their initial partial
opening. However, before breaking the specimens, the knowledge of the general
level of damping of this group of cracked beams was not sufficient to establish that
the crack samples definitely contained cracks of size 10% or less compared to the
initial cross section. This was due to the fact that the cracks were embedded into
initially thicker specimens compared to those of the previous batch (17 mm vs 10
mm). Hence, the measurement of generally lower loss factors (from Figure 3.9 it can
be seen that 73 falls in the interval 2.4 —3.2 x 10~ compared to 0.3 — 3.5 x 1072 from
Figure 3.8) could have been due to a higher value of strain energy per unit strain
in mode 3 (V3) for the thicker beams. An indication on the size of the cracks before
breaking the specimens could be obtained by comparing the general level of energy
loss at crack in one vibration cycle per unit strain amplitude (AV3) rather than 7.
The strain energy per unit strain amplitude V3 was calculated from a FEA analysis
of these thicker beams, similar to that described in section 3.3.2 (these results will
be used later in Chapter 6 and are given in Table 6.1). This was compared with
the value of AV3 previously obtained for the 10-mm-thick beams to conclude that
cracks smaller than those produced in the former batch (hence likely to be less than
10% of cross-section) had been produced. This was later confirmed by measuring

the size of the cracks after breaking the specimens.

3.4 Review of Chapter

In this Chapter, damping measurements for the beams that will be tested later using
VAM and thermosonics have been presented. For the VAM specimens the damping
measurements were optimized for the 1st flexural mode by reducing the support

damping in this mode. Consequently, the results of such tests could be used to com-
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Figure 3.9: Awverage loss factor in mode 3 plotted vs crack size for the specimens de-
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pare damping measurement and VAM as NDT techniques. For the thermosonics
specimens, the damping measurements were mainly used to characterize the extra
crack damping at high strain and high frequency, close to those excited in the ther-
mosonic tests. This information will be used in Chapter 5 to calculate the heat
generated at the crack during the thermosonic excitation. In order to achieve the
required characterization of the damping of the crack, different damping measure-
ment methods have been applied to the beams. Each method has contributed to
build an understanding of the behaviour of the crack damping at the amplitudes
and frequencies of interest. It was found that the crack loss factor, 7.4k, can be
modelled as independent of vibration amplitude for small cracks (at least for cracks

less than 10% of cross section). In the case of larger cracks, however, 7..qq can
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exhibit a variation for increasing amplitudes. It was also shown that, at a given
amplitude, the loss factor tends to decrease for increasing mode order, with a rate
of decrease which was demonstrated to be consistent with the assumption that the

energy loss at the crack in one vibration cycle is independent of the mode.
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Chapter 4

Vibro-acoustic modulation: an

experimental study

4.1 Background

Acoustic nonlinear phenomena applied to nondestructive evaluation (NDE) have
been an area of intense study since the 60s [36,37]. The remarkable strength of
many nonlinear effects introduced by defects makes their use for damage detection
very attractive. Several nonlinear effects have been studied extensively for nonde-
structive testing (NDT) applications. It is possible, for example, to measure the wave
speed dependence on the wave amplitude (acousto-elastic effect) [38] or to monitor
the generation of super-harmonics [39,40] or sub-harmonics [41] of the input signal.
Another method is to detect resonance frequency shifts for increasing levels of vi-
bration amplitude [42]. It is also possible to look at the nonlinear interaction of two
or more vibration fields [43]. In all cases the evolution of the nonlinear effect can be
studied over time (for example for fatigue monitoring [44]) or in space for defect lo-
cation [45,46]. Contact acoustic nonlinearities (CANs) are among the most efficient
mechanisms generating nonlinear features [47]. CANs comprise all solid-to-solid
interfaces with imperfect adhesion, such as cracks, disbonds, etc. Vibro-acoustic

modulation (VAM) is based on this kind of nonlinearity. The phenomenon was first
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reported in a US patent in 1975 [48] but the bulk of the scientific literature on the
subject arose starting from the mid 90s [43,44,49,50]. It can be described as fol-
lows: if an undamaged specimen is subjected to both a low frequency vibration and
an ultrasound probing signal, the resultant field is simply the superposition of the
fields obtained by applying the two excitations separately. However if the system is
damaged (for example by a crack or some debonding), the two vibrations interact
so that the ultrasound wave is modulated in amplitude and/or phase [51] by the low
frequency oscillation. Therefore, the occurrence of amplitude modulation in such
a setup can be taken as an indication of the presence of damage in the specimen
and could be used as the basis of a nondestructive technique for damage detection.
In practice, the phenomenon is usually studied in the frequency domain where the
modulating effect is manifested by the presence of sidebands around the main peak

at the ultrasonic frequency [52].

Using VAM, Donskoy et al. [53,54] successfully detected cracks in water pipes, mea-
suring sidebands 30 dB higher compared to a reference measurement on a pipe
without cracks. The detection was performed using one single ultrasonic frequency
and the amplitude of the sidebands was shown to be proportional to the amplitude
of the transmitted probing ultrasonic signal. Ekimov et al. [55] used torsional ultra-
sonic waves at one frequency to detect an artificially introduced interfacial defect.
A thin aluminium plate with a single fatigue crack was studied by Zaitsev et al. [56];
the amplitude of the modulation sidebands was demonstrated to be dependent on
the amplitudes of the high and low frequency vibrations, and on the global Q-factor
of the system, the Q-factor being modified by attaching strips of insulating tape to
the test structure. Several other examples of successful applications of VAM to NDT
were later reported in plexiglass, sandstone and in automotive engines [57]. The siz-
ing capabilities of the VAM testing were first experimentally studied by Donskoy
et al. [58] using a set of laboratory specimens containing calibrated cracks. Here
the dependence of the sensitivity of the technique on the chosen ultrasound fre-
quency was taken into account by averaging the amplitude of the sidebands over
nine measurements at nine ultrasonic frequencies between 110 and 150 kHz with 5

kHz increments. A damage index was defined by this frequency averaging, after hav-
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ing normalized the amplitude of the sidebands with respect to the amplitude of both
the ultrasound and low frequency vibrations. From the modelling point of view, the
phenomenon was usually explained in terms of increasingly complex nonlinear mod-
els of the wave/crack interaction. The crack was typically modelled as a nonlinear
spring [51,59]. When the ultrasound frequency is fairly low, the system involves
ultrasound standing wave fields [43,53], whereas for higher ultrasound frequencies,
travelling waves are a more suitable description [51,60]. The interaction between
surface waves and cracks in the presence of residual stresses around the crack was
studied in detail by Kim et al. [60,61]. The possibility to use VAM phenomena in
real NDT and structural health monitoring applications has been recently confirmed
by a UK patent [62], which proposes to look at the phase modulation of the prob-
ing ultrasound by means of complex signal processing using the wavelet transform.
Furthermore, the possibility of using VAM in combination with conventional linear
ultrasonic methods in order to obtain a classification of the defects between cavi-
ties and cracks has been also recently investigated by Kazakov [63] who detected

manufactured cracks in steel plates and real cracks in large pipes.

The objective of this experimental study of vibro-acoustic modulation is to provide
a systematic assessment of the potential of a particular and simple implementation
of the VAM method - the one exploiting amplitude modulation of the ultrasonic
standing waves in presence of low frequency structural vibrations - for NDT of
metallic structures where small fatigue cracks may be present. Of particular interest
is to identify quantitatively the sensitivity of this method to crack size, and how
well it performs with respect to sizing. The minimum level of low frequency strain
necessary for it to work also has to be determined for the method to be robust in
a real inspection setting. With this objective in mind, the best choice of ultrasonic
frequencies, and finally the susceptibility of the technique to noise must also be
identified. A simple model of the phenomenon, used to explain qualitatively the
trends in the experimental results [64], will be presented later in this Chapter to

explain the main features observed experimentally.

77



4. Vibro-acoustic modulation: an experimental study

4.2 Description and observation of phenomenon

Figure 4.1 (a) shows schematically the output spectrum of an undamaged system
simultaneously subjected to a low frequency (LF) vibration at frequency f,, and
continuous ultrasound (UT) at frequency fy. In the ultrasonic region, the energy is
concentrated at a single peak of amplitude F' at the frequency fy. In contrast, if a
crack is present, the same peak is accompanied by two sidebands, one to the right
and one to the left of the main UT frequency, of amplitudes respectively S,; and
S_y [Figure 4.1 (b)]. Such additional frequency components are readily visible, as
they appear at exactly the frequency of the probing UT (fy) plus and minus the
frequency f,, of the low frequency vibration. In the time domain, the equivalent of
the appearance of sidebands in the frequency domain is a degree of amplitude modu-
lation of the UT signal [shown in Figure 4.1 (b)]. However, it is common to analyze
the ultrasonic signal in the frequency domain since the amplitude modulation in
the time domain could be either extremely small compared to the overall amplitude
of the signal or, at first glance, the modulation could be confused with acquisition
artifacts typically arising from relatively low sampling frequencies [52]. The ratio R
of the average sidebands amplitude to the amplitude of the fundamental (see Fig-
ure 4.1) can be taken as the reference quantity to be measured (crack “signature”)
since it expresses the strength of the modulating component of the signal due to the
opening and closing of the crack under the effect of the structural vibration, and is
independent of the amplitude of the received probing UT (which is a function of the
frequency response function of the structure). The principal aim of this study is to

find experimentally the relationship between R and:

1. the frequency of the UT probing signal;
2. the strain across the crack generated by the low frequency vibration;
3. the size of the crack.

A preliminary rig was set up with the intention to observe the phenomenon. In

the initial VAM implementation, the transducers were not permanently coupled to
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Figure 4.1: Difference between an undamaged and a damaged system tested using vibro-
acoustic modulation (VAM). (a) For an undamaged body, the spectrum of the output ul-
trasound (UT) does not contain sidebands. For a damaged structure, (b), the output UT
presents sidebands in the frequency domain spaced at the frequency of the low frequency
(LF) vibration. R is an appropriate parameter to measure the sensitivity of the method to

the presence of a crack.

the beams, but manually held against the beam ends using standard coupling gel
as an impedance matching medium to transmit the ultrasound into the specimens
and then receive it. Specimen L-1 (see Table 2.1 in Chapter 2) was used in these
preliminary tests. The amplitude of the low frequency vibration was measured by
an accelerometer. The beam was supported on foam pads. Sidebands were easily
observed for this cracked specimen, as shown in Figure 4.2. The beam was excited
tuning a shaker at the frequencies corresponding to the 1st, 2nd or 3rd bending
mode resonance. In Figure 4.2 the 3rd bending mode of the beam was excited,
which corresponds to a sideband spacing of approximately 5 kHz. It is possible

to distinguish two sidebands to the left and two to the right of the fundamental

79



4. Vibro-acoustic modulation: an experimental study

100 ‘ ‘ :
Carrier at ~207 kHz
)
% 1 S S+1 E
= S \ / S+2
o L i
g pV

o [N MMJ‘(IMIHM. | x x L

185 UT freq. (kHz) 225

Figure 4.2: Observation of sidebands in the cracked beam L-1 in one early VAM test.

frequency (also called carrier frequency), labelled respectively S_1, S_5 and S, 1, Sys.
Such prominent sidebands were hardly observed when the 2nd bending mode was
excited, due to a nodal point at the middle of the beams in this mode. The second
order sidebands (S_5 and S5 in Figure 4.2) are a result of a non-perfectly sinusoidal
modulating mechanism [65] at the crack and were measured to be significant only at
relatively high amplitudes of the LF vibration, whereas they tended to disappear at
lower LF vibrational strains and for smaller cracks. Since the first order sidebands
(S_1 and S, in Figure 4.2), were typically the only ones measurable at lower strains,
and because the purpose of this study was that of using VAM to detect small cracks,
it was decided to consider only the first order sidebands in the ratio R defined above.
Furthermore, it was decided to systematically excite only the 1st bending mode of
the beams as the opening and closing of the crack (thought to be responsible of the
generation of sidebands) is driven by the actual magnitude of the bending strain at
the middle of the beams rather than by the mode shape. These initial observations
encouraged a quantitative study and gave indications for the implementation of

testing rigs suitable to carry out systematic experiments.
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Figure 4.3: First implementation of VAM testing for systematic measurements using
a shaker to excite the 1st bending mode of the beams at resonance. The strain gauge
provided a measurement of the bending of the beams and the consequent opening/closing

of the crack, as illustrated on the top left.

4.3 Systematic experiments: forced excitation

Two practical implementations of the VAM technique were investigated in this
study. In the first setup, similar to the one used for the preliminary tests and shown
schematically in Figure 4.3, the cracked beams were supported horizontally on two
foam pads and instrumented with two permanently bonded PZT discs (so that the
coupling conditions between the transducers and the beams were reproducible) of
diameter 10 mm and thickness 4 mm for the transmission and measurement of the
ultrasound typically in the range 50 - 230 kHz. The input PZT disc was driven by an
amplified tone burst of 30 thousands cycles while the ultrasound and low frequency
strain, measured respectively by the receiver PZT disc and the strain gauge, were
simultaneously logged using a storage oscilloscope. The data were stored and pro-
cessed later using standard fast Fourier transform (FFT) tools. An electromagnetic
shaker (Data Physics model S-004) was attached to the beams in the proximity of
the notch and in the direction perpendicular to its length; the connection was re-

alized by first bonding an aluminum stud with a threaded hole to the beams and

81



4. Vibro-acoustic modulation: an experimental study

connecting this to the shaker via a push rod. The frequency of the force applied
to the beams was tuned to the resonance of the 1st bending mode of the beams at
approximately 1 kHz (only beams L-1 and L-2 of Table 2.1 of Chapter 2 and one 300-
mm-long uncracked beam were used at this stage) so as to maximize the amplitude
of the vibration and thus the “breathing” of the crack. The amplitude of the low
frequency vibration was varied by changing the output of the shaker amplifier (Data
Physics model A-060). The resulting opening and closing of the crack was indirectly
measured by the back-face strain gauge of Figure 4.3. With this setup, it was possi-
ble to automate the frequency sweep of the ultrasound over broad frequency ranges,
while the low vibration was kept at a constant amplitude. This procedure was then
repeated for increasing levels of the amplitude of the low frequency vibration up to
a maximum of 80 pe (peak value) measured at the strain gauge. The results of this
procedure are shown in Figure 4.4 for the cracked beam L-1. While the amplitude
of the carrier is virtually independent of the low frequency strain (group of nearly
perfectly overlapping curves at the top of Figure 4.4), the ratio R is a function of the
bending strain (curves at the bottom of Figure 4.4), which confirms the dependence
between the ultrasonic sidebands amplitude and the amplitude of the low frequency
structural vibration. The same experiment was repeated using one uncracked spec-
imen in order to: a) verify that the amplitude modulation of the ultrasound, and
hence the sidebands, were only caused by the crack and b) establish appropriate

criteria for the comparison between damaged and undamaged specimens.

Typical results from this comparison are shown in Figure 4.5 where data from both
a cracked (L-1) and an uncracked specimens are plotted for the same level of strain
(40 pe peak value measured at the middle cross section). Here the sidebands-to-
carrier ratio is plotted against the ultrasonic frequency. As it can be seen from
Figure 4.5, no clear indication of damage could be obtained, either by using the
maximum ratio criterion as an indicator of crack presence or from the value of the
average ratio over the whole frequency range. In the former case a difference of
just 2 dB was measured, and only a slight improvement (4 dB) was obtained in the
latter. It is believed that the poor reliability obtained with this rig is due to the

contact nonlinearities between the shaker attachment and the beam, as well as the
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Figure 4.4: Typical results obtained using the shaker rig of Figure 4.3 to test the cracked
beam L-1 at different low frequency strain levels. Group of curves at the top: carrier
amplitude (which represents the response of the structure to excitation over a range of
frequencies). Group of curves at the bottom: sidebands-to-carrier ratio (R). The “zero-
strain” curve corresponds to the shaker switched off (spurious peaks are created on this

curve by minima in the response curve).

beam and its supports, causing an amplitude modulation of the ultrasound which
resembled that generated by the crack (the nature of this interaction would require
further investigation). Various rubber washers or pads were inserted between the
beam and the shaker attachment in an attempt to reduce this contact nonlinearity
but this proved unsuccessful as the strain excited in the beams was then reduced

drastically.
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Figure 4.5: Comparison between the levels of R in the ultrasonic frequency range 180 -
200 kHz at the same low frequency vibration amplitude (40 pe) for one cracked (solid line,
beam L-1) and one uncracked (dashed line) specimen. The absolute mazimum of R is only
2 dB higher for the damaged beam whereas the average level of R over the entire frequency

range is only 4 dB higher.

4.4 Systematic experiments: impact excitation

A suspension rig was set up to overcome the reliability problems of the shaker rig,
and is shown schematically in Figure 4.6. The suspension was realized by bonding
two rubber studs at the nodal position of the 1st bending mode of the beam and then
by passing two elastic strings through them. The beam was instrumented with two
PZT discs and with a strain gauge of the same kind described earlier. The excitation
of low frequency modes was performed by hitting the beam at about mid-span using
an automatic tapping device. This device was essentially formed by a ferromagnetic
cylinder arranged inside a solenoid which was connected to a timed supply electrical
circuit. Following the discharge of a capacitor internal to this circuit, the current

passing through the solenoid induced a force on the cylinder which could freely
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Figure 4.6: Schematic of the impact-hammer suspension (IHS) rig.

move in the horizontal direction thus impacting the test-structure. The tip of this
cylinder/hammer was made of a soft nylon material so that the dominant mode
excited was the 1st bending mode. Having automated the tapping, it was possible
to automate the measurement routine. After every hit the ultrasonic frequency was
incremented by 30 Hz and the measurements repeated. In this way the ultrasonic
frequency could be swept automatically over a large frequency range (50 - 230 kHz).
Another major advantage of this rig was that the amplitude of the sidebands for
decreasing levels of the strain could be analyzed along the transient of decay of the
1st bending mode following every impact. An example of the strain excited in one
of the beams after an impact is presented in Figure 4.7 (a). From the spectrum of
this signal, Figure 4.7 (b), it can be seen that the dominant mode excited is the
1st bending mode although there is a little contamination from higher frequency
odd flexural modes (3rd and 5th). The ultrasound was excited, at one selected
frequency, during the whole duration of the vibration decay. The average amplitude

of the sidebands was measured in each of the segments of Figure 4.7 (a).

A global view of the results obtained following this procedure is given in Figure 4.8.

The carrier amplitude and the ratio R are plotted as a function of the ultrasonic

85



4. Vibro-acoustic modulation: an experimental study

(@) (b)

100 T 100 — .
: — 1st bending mode at 1018 Hz
i @ 80} 1
A50 ! S higher order odd bending modes
w 1
2 : 3 60
£ 0 2
o \ Q40
B ; £
-0 i ; 20
-100 . . . : . . 0 -
0 0.1 0.2 0.3 04 05 0.6 0.7 0 5 10 15

time (s) frequency (kHz)

Figure 4.7: Example of transient vibration excited by an impact, as measured by the strain
gauge. (a) Record of strain vs time and segments used in the analysis of the sidebands

amplitude as a function of strain. (b) FFT of the strain signal.

frequency and low frequency strain. In Figure 4.8 (a) an uncracked beam is tested
over the UT frequency range 100 - 220 kHz. One curve is plotted for the carrier
amplitude and one for the amplitude of the ratio R for each of the segments shown
in Figure 4.7. Virtually no strain dependence is measured for the carrier curves,
and practically negligible strain dependence is shown by R: this proves that the
ultrasound has been efficiently decoupled from the supports/attachments compared
to the shaker rig. In Figure 4.8 (b) beam L-2 is tested over the UT range 70 - 230
kHz and the results plotted in the same way as Figure 4.8 (a). Although the carrier
amplitude is still independent of the low frequency vibration, the ratio curves show

a clear dependence on the bending strain especially from around 130 kHz onwards.

For a more detailed analysis, a further comparison between the cracked (L-2) and
uncracked specimen of Figure 4.8 is shown in Figure 4.9 within a restricted fre-
quency range. The ratio of the average of the amplitudes of the first sidebands over
the carrier is clearly strain dependent only in the presence of a crack, and produces
a “waterfall” graph for decreasing strain. For the uncracked specimen, the ratio
curves (obtained with the same postprocessing routines) tend to a common level at
about -65 dB, with two peaks at about -50 dB at the antiresonances of the ultrasonic
carrier. This might be due to the small amplitude of the carrier signal at its antires-
onances, causing errors in the ratio value. However, if a crack was not present, the

high and low frequency vibration fields did not interact significantly and hence the
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Figure 4.8: Comparison between the results obtained testing one undamaged and one
cracked beam using the IHS rig. (a) Amplitude of carrier and ratio R as a function of
UT frequency and LF strain over the range 100 - 220 kHz for an uncracked beam. (b)
Amplitude of carrier and ratio R as a function of UT frequency and LF strain over the

range 70 - 230 kHz for the cracked beam L-2.
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Figure 4.9: Zoom between 150 and 165 kHz of the results presented in Figure 4.8. (a)

Uncracked beam; (b), cracked beam.

impact-hammer suspension (IHS) rig was judged suitable for further testing. These
results also confirmed that the shaker attachment and the supports did produce
the nonlinearity seen in the shaker rig experiments on uncracked beams. Using the
[HS rig, in the case of the cracked specimen L-2, the maximum ratio was about -25
dB at around 80 pe rms, allowing a good dynamic range for performing the crack
detection by comparing the maximum values of the ratio across a chosen frequency
range. However this dynamic range could be further improved by considering the
average ratio over the whole frequency range. It is also interesting that local maxima
of sensitivity seem to be present every approximately 3 to 5 kHz, starting at about
100 kHz. This suggests that a frequency sweep over about 5 kHz would be sufficient

to ensure a high sensitivity point.

4.4.1 Analysis of sensitivity to crack size

The experiments were repeated for all the seven cracked beams available. For each
beam the value of the average ratio (i.e. the average sensitivity) R across the whole
UT frequency range swept from 70 to 220 kHz was plotted as a function of the

average strain level, s, of the low frequency vibration. Then the strain range within
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Figure 4.10: Summary of the results of the VAM tests using the IHS setup for the cracked
beams of Table 2.1 (Chapter 2) and for three other uncracked beams. The average of the
sidebands-to-carrier ratio over a broad frequency range (70 - 220 kHz) is plotted vs the LF
strain. The irreqular behaviour of specimen M-1, with respect to the LF wvibration, is due
to beating of the 1st flexural mode about the two principal axes. This was absent for all

the other beams.

which experimental points were available for all the specimens was considered, from
s1 to sg (see Figure 4.10). A damage index (DI) was derived from the area of
the graph delimited by the sensitivity versus strain plot (on a linear scale) for each
damaged specimen, and that under the ratio versus strain curves for the undamaged

specimens of the same size,

** Reracked Rcrac e dS
DI = er Reracked(s (4.1)

ISQ Runcra(‘ked )dS
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Figure 4.11: VAM damage index (see equation 4.1) plotted against the crack area. The
dash-dot line represents the reference value of 1 for undamaged specimens. The dashed
line is the best linear fit considering cracks likely to have similar morphology (CO, S-2,
M-2 and L-2).

The damage index defined in equation 4.1 takes into account the dependence of the
sensitivity of the VAM technique on the ultrasonic frequency and on the level of the
low frequency strain reached during the tests. It also takes into account the nonlin-
earities that may be introduced by the supports and attachments by dividing the
integral for the damaged specimen by the same quantity for undamaged specimens.
The DI will therefore be a value greater than 1 for cracked specimens. If the same
specimens were tested using different implementations of the VAM test (e.g. the
shaker rig), reaching similar levels of the low frequency vibration and sweeping the
ultrasound across the same frequency range, the DI as defined in equation 4.1 would
also quantify the reliability of the different implementations. Figure 4.11 shows the
damage index plotted against the percentage of actual cross section covered by the
crack (see Table 2.1, Chapter 2). The damage index appears to increase with the

severity of the damage but there is considerable scatter in the normalized exper-
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imental data. For specimens -2, M-2, S-2, and CO, it is likely that the initial
opening of the corresponding cracks is similar (as discussed in section 2.4.1). A
trend-line was fitted to the experimental data for these specimens. This allows the
smallest detectable crack using the IHS rig to be estimated by the intersection of
this trend-line with the horizontal line at DI = 1, representing the noise floor of
the testing rig. From this it appears that a cracked area of 7% is the smallest that
can be expected to be detected by this implementation of the technique. Specimen
S-1 shows a much higher damage index compared to specimens L-1 and [-2 even
though the crack is of very similar dimensions. This could be due to a different
initial degree of closure of the crack that could result in an “effective” percentage
crack size bigger than that of specimens -1 and L-2. The meaning of the “effective”

crack area and its estimation in VAM testing will be discussed later in section 4.6.

4.5 Overview of modelling work

As part of this vibro-acoustic modulation project, simple models were proposed to
explain the trends observed experimentally that have been described earlier in this
Chapter. Although this part of the work was conducted under the responsibility
of Dr. Duffour [64], a description of his models is offered in this section for the
completeness and clarity of the Chapter. The results of the modelling work will be

used in the next section to discuss some experimental findings.

The geometry of the beam modelled was that of the long beams used in the ex-
perimental study (L-1 and L-2). Their 1st bending mode frequency was around 1
kHz while the ultrasound frequency used was up to 200 kHz. Therefore, at this
frequency, for every cycle of the low frequency vibration, 200 ultrasonic cycles are
transmitted. It will be assumed throughout the modelling section that in these con-
ditions, the ultrasonic (UT) vibration is in steady state within each half bending
cycle. To verify this assumption, the UT Q-factors were measured experimentally
on some of the specimens. Q-values up to 130 kHz were measured by the half-power

bandwidth method from the carrier amplitude vs frequency curves, an example of
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which was shown in Figure 4.8. The measured Q-factors were mostly around 200.
Given this damping value, a vibration at 200 kHz reaches approximately 80% of its
steady-state value during each half of the bending period so the assumption is not
entirely valid but comes close to being met. Results will be presented for different
values of Q; it will be appreciated that the prediction will be inaccurate at @ above
about 200. However, the general trends of the modulation at different frequencies

and strains could still be obtained.

Duffour’s approach is based on the principle that, in these conditions, an adequate
way of describing the relationship between the ultrasonic input and output is to in-
troduce the transfer function between the two points where the sensors are located.
Transfer function measurements [19] alone have been used for crack detection for
some time and several papers model the effect of cracks on transfer functions [66,67],
but the resonance frequency shifts introduced by cracks often proved not to be sen-
sitive enough for many practical applications. By contrast, in a VAM setup, two
types of vibration interact. As the beam bends according to its 1st mode shape, the
degree of opening and closing of the crack changes so that the transmission charac-
teristics of the cracked cross section change. The transfer function then gradually
shifts from the state when the crack is most open to the state where it is most
closed. This is illustrated diagrammatically in Figure 4.12 (a). In the model used
by Duffour, the geometrical deformation of the crack affects the ultrasound field
globally by slightly shifting the beam resonances over the course of a bending cycle
as shown by Figures 4.12 (b) and (c). When the crack is closed, the structure can
be regarded as a structure without defects; conversely, when the crack is open one

can think of a structure with a very small notch.

The same underlying idea was used by Kim et al. [60,61]. In both their model and
this one, the presence of sidebands is accounted for by the parametric geometrical
deformation of the crack induced by the low frequency vibration. However the
operational conditions of the system they investigated were quite different. In the
case of Kim et al., this geometrical deformation was probed locally using a surface

acoustic wave at a frequency of around 1 MHz in a pulse-echo configuration. In the
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Figure 4.12: (a) Scheme showing the shifting of the beam transfer function due to the
opening and closing of the crack at low frequency (note that the carrier/response curves
seen in Figures 4.4, 4.8 and 4.9 correspond to an average of the transfer functions shown
here for the cases of crack open and crack closed). (b) Zoom around the ultrasonic fre-
quency fo. (c¢) Diagram showing the modulating effect in the idealized case that the cracked

region is free of compressive residual stresses.

model described here, the geometrical deformation of the crack affects the 200 kHz
ultrasound field globally by slightly shifting the beam resonances over the course of

a bending cycle.

A pure sine wave at frequency fy and modulated in amplitude in the time domain
results in the appearance of smaller peaks on either side of the main peak centered
on fp in the frequency domain. As in the experiments, the term “carrier” will refer
to the pure sine wave, i.e. ultrasound, and the first smaller peaks on both sides

of the carrier are called “sidebands”. It is assumed here that a closed crack is
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transparent to the ultrasound. Therefore the transfer functions in the closed state
were calculated for beams without a crack. This amounts to neglecting the wave
scattering properties of closed cracks [68]. However, at 200 kHz, the wavelength in
steel is sufficiently large for this simplification to be justified. The transfer function
in the open state was obtained by considering the crack fully open for various crack

depths.

This type of modeling bears strong similarities to an earlier study by Richardson [69]
who investigated the propagation of a wave through a planar interface with no tensile
strength. However, in his one-dimensional model, the two sides of the clapping
interface could only move parallel to each other so that the contact could either
be complete or nonexistent. Here, the low frequency bending stress influences the
ultrasound by cyclically changing the area of contact between the crack faces. This
is different from some of the work on vibro-modulation cited in section 4.1 where
the crack is usually modelled as a material nonlinearity having an elastic stiffness
comprising a constant (linear) component plus a quadratic corrective term which

varies with the low frequency stress.

It is also assumed here that the ultrasonic vibration, because of its higher frequency
and much lower amplitude compared to the bending vibration, does not affect the
opening and closing of the crack. For an ultrasound excitation at a given frequency
fo, the value of the transfer function at fy will then oscillate between two extreme
values as the crack opens and closes (see Figure 4.12). Exactly how the ultrasound
frequency changes from one extreme value to the other depends on the particular
characteristics of the crack. In particular, the presence of residual stresses in the
cracked region is likely to affect the degree of opening and closing of the crack induced
by bending. Pursuing the analysis further requires making simplifying assumptions.
First the case of a crack free of residual stresses is investigated. Then a simple model
will be used to study how compressive stresses in the beam and initial crack opening

interact with the cyclic crack closure caused by bending.
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Figure 4.13: Diagram detailing the modulating effect when the cracked region is free of
compressive residual stresses. The modulated signal can be decomposed into a pure high-
frequency sine wave multiplied by a square modulating function. Bg is the mean value of
the modulating signal. By is the peak amplitude variation around this mean. H,. are
the amplitudes of the transfer function at a given ultrasonic frequency when the crack is

respectively open/closed.

4.5.1 Case with no residual stresses

Imagine that when the beam is at rest, the crack faces are two mating surfaces in
“grazing contact” with no residual compressive stresses. Then the crack immediately
and fully opens (closes) as soon as the bending stresses in the top half of beam
become tensile (compressive), assuming the crack is in the top half of the beam.
In this idealized situation, the magnitude of the bending strain has no influence
on the crack closure. For half the bending cycle the ultrasound settles in a system
with a completely open crack whereas during the other half of the cycle, the crack
is closed. The measured ultrasonic output will then be a high frequency sine wave
modulated in amplitude by a low frequency square wave as illustrated in Figure 4.13.
This modulated signal can be viewed as a pure sinusoidal oscillation multiplied in
the time domain by a square signal (modulating wave). This simple multiplication
becomes a convolution of the corresponding spectra in the frequency domain [70].
At a given ultrasonic frequency fy, the modulating square signal oscillates between

the values of the two transfer function values Hy(fy) (open) and H.(fo) (closed).
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This modulation function must have a nonzero dc value to account for the fact that
ultrasound is transmitted even when the crack is fully open. This dc value is simply

the mean of H, and H,., which can be written, using the notation of Figure 4.13, as

H,+ H,
By = et (4.2)
2
Around the mean, the amplitude of the square oscillation is
H.—H,

If there is no crack, there is no difference between H, and H,. and the amplitude of
the sidebands is zero. If the crack is large, one can expect the shift between H,(fo)
and H.(fy) also to be large at most ultrasonic frequencies fy; consequently the value
of the ratio R is also large. R can be calculated as a function of the modulating
wave coefficients in the time domain, By and B, [70],

2B
R=—— 4.4
s BO ’ ( )
and will therefore only depend on the values of the transfer functions in the open
and closed states. An alternative expression for R can be given by using the dc and

first Fourier coefficients, labelled respectively ¢y and ¢q, of the Fourier transform of

the modulating wave in the frequency domain [70]:

rR="2 (4.5)

Co
In both cases, to obtain quantitative predictions for the ratio R, it is therefore
necessary to have plausible values for the two transfer functions H,,.(f), calculated

for the beams considered in this study. The method used for this purpose was a

finite-element (FE) model of the beam.

Simulation using a finite-element model

The beam was modelled as a three-dimensional solid using the FE package ABAQUS.
The model was as close as possible to specimens L-1 and L-2 used in the experiments.

The crack was modelled by unconstraining the nodes along the root of the notch
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Figure 4.14: Amplitude of the sidebands-to-carrier ratio (R) plotted versus the UT fun-
damental frequency obtained from finite-element computations with 10% crack depth and

Q=1000.

over 2 mm further down. The modes of the beam were computed using free-free
boundary conditions. The transfer functions were computed using the standard

analytical formula [34]

w;u
R
() w2 + iwpw/Qn — w2’

n

(4.6)

where H;; denotes the value of the transfer function at the angular frequency w
between points ¢ and j. u! is the mode shape value at location i for mode n, w,
and @), are the natural frequency and the Q-factor for mode n. The Q-factor values
could be varied from one simulation to another but for a given simulation all modes
were assigned the same Q. The force input was applied at one end of the beam, along
its axis, and the output was taken on the other end (at the location of the PZT discs
in the experimental setup, however the discs were not actually modelled). A typical

computational result is shown in Figure 4.14 where all modes were assigned a  of
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1000.

The ratio of the first sidebands amplitude over the carrier amplitude was calculated
using equation 4.4 and plotted against the carrier frequency from 50 to 210 kHz. It
is immediately apparent that the modal density is large. Even with a purely axial
excitation, bending and other non-longitudinal modes will be excited due to the
asymmetry introduced by the notch. Resonances become even denser above 100 kHz,
which is around the frequency of the first cross-section resonance of the beam (i.e.
the cut-off frequency of the first higher order mode). This plot provides a realistic
frequency dependence of the value of the ratio with the ultrasonic probing frequency.
It shows that the ratio peaks at around -7 dB throughout the frequency range.
Figure 4.14 also shows that for high modal densities, it becomes extremely difficult
to correlate peaks in the ratio curve with individual resonances in the open/close
transfer functions. At high frequencies, the identification of resonances itself is
problematic because of the strong coupling between closely spaced modes. This

feature was also observed experimentally, for example in Figure 4.8.

Similar FE computations were carried out for varying equivalent defect sizes (from
1% to 10% cross-section area reduction) and Q-factors ranging from 100 to 1000.
The result is shown in Figure 4.15. The quantity plotted along the vertical axis is
the averaged ratio over the whole frequency range (50 - 210 kHz). It is clear that the
damping in the system has a significant effect on the sensitivity. The average ratio
reaches about -25 dB for a 10% cracked area and Q=1000. The sensitivity drops
to about -40 dB for the same Q and a 1% crack depth and further drops to -50
dB for a 1% crack depth and Q=100. Recalling that the experimental “noise floor”
given by the damaged index of undamaged specimens was around -65 dB, these
simulation results suggest that it should be theoretically possible to detect cracks
smaller than 1%. However in this simple model the strain dependence of the vibro-
modulation effect cannot be explained and this theoretical sensitivity performance
must be reviewed when the effect of residual stresses or initial crack opening are

taken into account.
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Figure 4.15: Plot showing the amplitude of R (average over the ultrasonic frequency
range 50 - 200 kHz) plotted against the defect size, for various values of the Q-factor.

4.5.2 Case with residual stresses

In the case with no residual stresses analysed in this section so far, the crack faces
are either completely mating or not at all in contact: effectively the crack tip acts
like a hinge. In many real-life situations there is likely to be some residual stress in
the cracked region [60]. The clear strain dependence observed in the experimental
results (see Figures 4.8 and 4.9) also indicates that the cracks do not behave as simple
on/off switch. When compressive stresses are present around the crack, the tensile
bending stresses will have to overcome the residual compressive ones in order for the
crack to open. The variation of crack closure with time is no longer a simple square
function since it then depends on the instantaneous value of the bending strain.
The crack faces gradually mate over an increasingly larger area thus progressively

reducing the defect size so that the “breathing” is smooth. Intuitively it is clear
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Figure 4.16: Variation of opening of the crack with time for varying magnitudes of static
compressive load. This load is very light in case A and is increased gradually from case A
to E. The opening at a given time is represented by a number between 0 (fully closed) and

1 (fully open). The time is given in multiples of the bending mode period T.

that the effect of this type of breathing on the modulation is that, depending on the
relative value of the static stresses compared to the bending stresses, the “effective”
crack size can be significantly smaller than the actual size [60,61]. This is confirmed

by the following simplified analysis.

Crack closure in the presence of a static compressive stress

Consider a beam under a static compressive load P,, also subjected to a sinusoidally

oscillating bending moment. The resultant stress is then given by [71]

yMoysin(2nt/T) P,
o= —

4.
7 m (4.7)

where A, is the cross-section area of the beam, I its second moment of area, y

the distance from the neutral axis, and M, the amplitude of the bending moment,
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which oscillates with a period T'. M, was chosen so that it induces a strain of 100
pe at the top surface of a beam whose properties are the same as those assumed
for the experimental specimens. Therefore the values of P obtained through this
analysis are plausible experimental compressive stresses for the beams considered
here. The crack was considered open when the resultant stress becomes tensile
within the cracked region (here taken as the top 10% of the beam height). Figure
4.16 presents some results obtained from this model. This set of plots shows the
degree of opening and closing of the crack as the bending moment goes through three
periods of oscillation T. The opening is represented by a number between 0 (closed)
and 1 (fully open). Each subplot, labeled from A to E, corresponds to a different
value of the static compressive load. The particular cases shown were chosen because
they illustrate the various possibilities of crack closure allowed by the model, whilst
the numerical values used to obtain them are of no particular interest at this stage.
Plot A shows the result obtained when the static load is very low. The crack then
actually behaves as described in the previous section for a cracked region free of
residual stresses. At the other extreme, case E corresponds to a very large value of
the compressive load. The static stress is then so large that it cannot be overcome
by the tensile bending stress; consequently the crack remains closed. Plots B to D
are intermediate cases. In case B, the static compressive stress is low enough to
allow the crack to open fully but the time it stays open is shortened compared to
case A. In case D, the crack can never open completely. Case C is the limiting case
between B and D where the crack just reaches full opening but does not stay open

for a finite duration.

The influence of compressive stresses

Case D of Figure 4.16 will be treated as reference because it possesses the interesting
feature that the crack is never fully open. According to the model, the transfer
function shift is directly related to the change in crack closure; therefore, one can
expect the shape of the modulating function to follow that of case D of Figure 4.16

although scaled so that H, is the value reached when the crack is at its maximum
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Figure 4.17: Awverage ratio R vs compressive stress for different values of total crack
depth (indicated above each curve as a percentage of beam cross-section area). In region
I, the beam effectively behaves as if there was no compressive stresses. In region II, the
crack opens fully but the time it stays open decreases gradually as the compressive stress

increases. Region III corresponds to cases where the crack only partially opens. All four

curves were obtained for Q=1000.

(but partial) opening and H, is the value when the crack is closed. In case D in
Figure 4.16, the crack opens over 70% of its total depth. If the total crack depth
is 10% of the beam depth, this means that the effective crack depth is around 7%.
Once this is known, it is possible to compute the transfer function for a beam with
a 7% crack depth; this transfer function is then used for H,(f). As before, H.(f)
is computed for the reference uncracked beam. Once these two transfer functions
are known, the modulating function (now normalized between 0 and 1) can be
scaled appropriately for each ultrasonic frequency. The sidebands-to-carrier ratio is

then obtained from the coefficients of the numerical FFT of this scaled modulating
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function (refer to equation 4.5). This procedure can be repeated for various values
of the static compressive load encompassing all the cases shown in Figure 4.16. The
result from such an analysis is shown in Figure 4.17, which shows the averaged vibro-
modulation ratio against the static compressive load. The different solid line curves
show the variation of the averaged ratio for various total crack depths, indicated
above each curve as a percentage of the beam cross-section area. All these curves
were obtained for Q=1000. Two dashed lines define three regions, labeled I, II,
and III in Figure 4.17. In region I, the beam effectively behaves as if there was no
compressive stresses: the compressive stress is not large enough to alter significantly
the square modulating function. Therefore the average ratio remains constant at
around -18 dB for the top curve which was the value previously obtained with no
residual stresses at an equivalent crack depth of 10%, and Q=1000. Case A in Figure
4.16 belongs to this region. In region II, the crack opens fully but the time it stays
open decreases gradually as the compressive stress increases. In this region, the two
transfer functions corresponding to the two extreme states are always the same: for
the closed state it is still the reference H.(f) and in the open state it is H,(f) for
a crack opened over its full depth. Within this range of stress, the slow decrease in
the ratio is solely due to the shortening of the time the crack remains fully open.
Therefore, although the two extreme transfer functions are the same, the average
ratio decreases slowly from -18 to -25 dB with increasing compressive stress. This
type of behaviour is exemplified by case B in Figure 4.16. Cases A and B in Figure
4.16 have different Fourier transforms although the crack opens fully in both cases.
Region III corresponds to cases where the crack only partially opens as in case D
of Figure 4.16. As can be expected, the averaged ratio then drops severely: as the
stress increases in this region a point is reached at which the crack no longer opens.
The average ratio then becomes minus infinity (this was cut off from Figure 4.17 to

allow other features to be seen more clearly).

This analysis provides an insight into the effect of the level of bending strain nec-
essary to observe a vibro-modulation effect. Some residual compressive stresses are
often present around fatigue cracks. The strain induced by the low frequency vi-

bration will then have to be large enough to overcome these compressive stresses.
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This has important practical consequences since a defect will not be detected if the
bending strain threshold is not reached. If the threshold is reached but the low fre-
quency strain is not large enough to allow the crack to open fully, then the system
effectively behaves as if the crack size had been reduced, thus resulting in a loss of

sensitivity.

Other crack features can affect the modulation process. An important case is when
the crack is partially open when the beam is unloaded. Intuitively, it is clear that the
beam will have to bend further to cause the crack to be fully closed. One simple way
to model this feature is to change the sign of the static stress P in equation 4.7. The
residual stress then becomes tensile. The conclusions concerning the crack opening
are similar, reversing the role of tensile and compressive stresses: it is necessary to
reach a threshold of compressive bending stress for the crack to start closing and

the modulation effect to be observed, thus resulting again in a loss of sensitivity.

4.6 Effect of partial crack opening

As the simulation work was carried out with a cracked area of 10% of the beam total
cross-section area, the experimental and theoretical results were first compared for
specimen M-2 whose cracked area was measured to be 10.6%. The average ratio
level for this specimen ranged from -63 dB at 10 pe to -55 dB at 50 pe (see Figure
4.10). On the other hand, for an unstressed 10% crack size, the ratio obtained by
finite-element modelling averaged over the frequency range 50 - 200 kHz ranged
from -23 dB for Q=1000 to -34 dB for Q=100 (see Figure 4.15). Similar levels of
discrepancies were obtained for all the other beams initially tested (L-1, M-1, S-
1, L-2 and S-2). This confirmed the need to investigate more closely the state of

opening of the crack when the beam is unloaded.

As mentioned in section 2.4.1, the specimen CO was manufactured after the main
series of tests on the other six beams was completed, when it became apparent that
the initial partial crack opening was likely to be significant in VAM testing. The

compliance method described in section 2.3.1 was used in order to estimate the
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Figure 4.18: Amplitude of the sidebands-to-carrier ratio vs UT frequency for specimen

CO at 80 pe (peak value, average during decay) LF vibration level.

initial partial opening of specimen CO when the beam was in its unloaded state. It
is recalled that, if the back-face strain is plotted against the load, a narrow ellipse is
obtained, provided the load applied does not exceed the linear limit. This is shown
in the upper curve of Figure 2.6 which corresponds to loading with the crack on the
upper face of the beam in Figure 2.4, so that increased loading tended to close the
crack. The hysteresis observed (area inside the stress/strain curve) is essentially due
to damping. If the cross-crack strain is plotted against the load a straight ellipse
cannot be obtained since the crack closure or opening changes the stress/strain
characteristic. The results were shown in the lower curve in Figure 2.6. In the
region between approximately -0.8 and -1.4 kN the crack is in transition between
the full and partial closure states. Figure 2.6 showed that a compressive load of
about -1.1 kN corresponding to a back-face strain of about 220 pe was necessary to
fully close the crack. The same experiment conducted with the beam turned over

for opening the crack showed that the crack was fully open at a load of about -0.1
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kN with a back-face strain around -30 pe. Since the full opening load (-0.1 kN) is
smaller than the full closure load (-1.1 kN), it could be concluded that the interfaces
of the cracks produced in specimens L-2, M-2, S-2, and CO (cracked using the same
fatigue settings) were partially open at the end of fatiguing. The effect of this on

the ultrasound modulation during the VAM tests can then be discussed.

It has been shown that for specimen CO, a strain of 220 ue at the back-face was
required to close the crack fully, and -30 ue at the back-face resulted in the crack
opening fully. The maximum low frequency strain just after impact was on average
about £80 pe for specimen CO. Therefore the degree of crack opening was changing
between -30 and 480 pe. For the crack state to vary between fully open and fully
closed, the strain would need to vary between (at least) -30 and +220 pe. There-
fore the fraction of the crack area contributing to the modulation was (30+80) /
(304-220)=0.44. Since the measured crack area was 8.5% for CO, the effective crack
area was about 3.7%. For a crack of this size the finite element model predicted ratio
levels around -45 dB for a Q of a few hundreds. The Q-factors of the isolated peaks
around 100 kHz were measured for specimen CO. The values were mostly below
100 with a few reaching 200 to a maximum of 500. The experimental sidebands-
to-carrier ratio for this specimen is shown in Figure 4.18. The average ratio for a
strain of 80 e was measured at -48 dB. This value is similar to the predicted value
of -45 dB, provided the effective crack size is considered. Given the simplicity of the

models, the level of agreement is encouraging.

4.7 Example of detection of cracks in industrial

samples

The reliability of the IHS rig made it possible to test real samples. The cracked
nickel-base alloy specimen that was inspected is shown in Figure 4.19 (a); the crack
is surface breaking on one side of the piece and measures approximately 18 mm in

length whilst the maximum depth is unknown. The strain gauge was placed on top
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Figure 4.19: (a) Picture of the nickel-base alloy industrial sample. (b) FFT of the strain
recorded along the transient of decay of the LF wvibration excited by an impact on this

specimen.

of the crack and in the direction transverse to its length, in order to obtain a measure
of its geometrical deformation during the transient of the low frequency structural
vibration. The sample was suspended in a similar manner to that described in the
previous section. One rubber stud with a string passing through it was attached
at the back of the specimens near the edge at one end, and the specimen was then
suspended from this point. The low frequency modes [see Figure 4.19 (b)] were
excited by tapping at the other end. Only the sidebands corresponding to the 1st

and 2nd mode of Figure 4.19 (b) were taken into account in the post-processing of
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the measurements. Figure 4.20 shows a comparison of the results obtained from tests
on a cracked sample [Figures 4.20 (a) and (b)] and an undamaged one of the same
type [4.20 (c)]. As usual, the amplitudes of the ultrasonic carrier and the sideband-
to-carrier ratio are plotted vs the ultrasonic frequency and for decreasing values of
average low frequency strain along the vibration decay following each impact. The
difference in the level of the ratio of the average first sidebands over the fundamental
is significant and the strain dependence of the sidebands for the cracked specimen
is clearly visible, despite the very low level of strain excited at the crack location
(about 8 pe peak value) in both modes considered. This confirmed the reliability
of the suspension rig. The ultrasonic frequency sweep carried out to obtain these
results was performed over a relatively narrower band (only 6 kHz) compared to
that used in the experiments on the cracked beams following the indication that
a point of maximum sensitivity would be found inside that range. Although this
was less time consuming compared to the broad range sweeps carried out on the
set of laboratory beams, nearly half an hour was required to obtain a result on the

presence of a crack.

4.8 Feasibility of “in-situ” measurements

A situation that can be of interest for the practical exploitation of VAM for NDT is
the detection of cracks within assembled structures. Having experienced reliability
problems due to supports and shaker attachment, a preliminary setup was used for
an initial feasibility study. This rig is shown in Figure 4.21 (a). An uncracked
rectangular-cross-section beam of sides 10 and 20 mm was instrumented with two
PZT discs and a strain gauge. The constraint was realized by a holding the beam in
a vice. Then an impact was used to excite the bending modes of the cantilever. The
spectrum of the signal picked up by the strain gauge showed several low frequency
bending modes excited. Figure 4.21 (b) shows the presence of substantial sidebands
(comparable to those typically observed on the cracked specimens tested earlier using
the suspension setup) even in absence of damage. It is thought that the ultrasound

could be modulated by the contact at the interfaces between the beam and the vice,
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Figure 4.20: Crack detection in the industrial component of Figure 4.19 using the IHS
rig. (a) UT fundamental amplitude and ratio (R) curves for the sidebands generated by
mode 1 of Figure 4.19 plotted vs UT frequency. (b) Fundamental amplitude and R for the
sidebands generated by mode 2 of Figure 4.19 vs UT frequency. (c) Fundamental amplitude

and R for an uncracked specimen vs UT frequency (mode 1 is considered).
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Figure 4.21: (a) Schematic of the VAM rig with a cantilever beam. (b) Example of FFT

of an ultrasonic probing signal received during LF vibrations excited using an impact.

in such a way as to generate sidebands of the same kind as those observed in the
presence of the crack. In testing practice, this corresponds to having an increased
coherent noise level, if the detection of a crack had to be performed by VAM. In
such a condition it is believed that only a very large crack would be able to provide
an additional amplitude modulation of the ultrasound high enough to be detected

reliably in the presence of such nonlinearities at the supports.

4.9 Review of Chapter

In this Chapter it has been shown that the engineering of the testing rig is crucial to
detect cracks reliably using the VAM method. Appropriate supports and excitation
devices have to be used in order to allow the modulation of the probing ultrasound
(i.e. the sidebands in the frequency domain) due to the crack to be detectable.
The supports and/or any other contact between the specimen and other external
bodies are very likely to introduce sidebands at the same levels as those generated
by a crack, and this could jeopardize the successful application of the VAM NDT

method. It was found that the impact-hammer suspension setup gave sidebands

110



4. Vibro-acoustic modulation: an experimental study

about -65 dB below the carrier amplitude for an undamaged specimen and this was
satisfactory for crack detection. A damage index was defined and its value calcu-
lated for each of the laboratory beams using the impact-based rig. While the value
of the damage index generally increased with crack size, the relationship was far
from linear. This is likely to be due to different crack morphologies or initial degree
of crack opening/closure due to the different fatigue conditions used to produce the
cracks. The trend obtained suggests that the smallest cracks that could be detected
must be at least 7% of the cross-section area. Therefore, the technique (in the im-
plementation used in this study) will not be able to detect small cracks reliably. An
overview of a simple model was included in this Chapter to explain that the overall
level of the sidebands predicted was in broad agreement with the sidebands level
measured experimentally, provided the state of static opening of the crack is consid-
ered carefully. Given the poor sensitivity to cracks and the time required to sweep
the ultrasonic frequency in order to ensure that a peak of sensitivity is obtained,
this implementation of the vibro-acoustic modulation technique does not appear to
offer significant potential for rapid screening for the detection of small cracks. How-
ever, other vibro-modulation implementations (for example using surface acoustic
waves and local probing [60,61]) may be more sensitive. Based on the findings of
this Chapter, it was decided to concentrate the research solely on the thermosonic
method since it appeared to offer an important advantage over VAM: the crack can
be detected and its position over a large area can be determined with a single quick

thermal measurement.
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Chapter 5

Prediction of the thermosonic

signal

The purpose of this Chapter is to predict the surface temperature rise used to detect
cracks in thermosonics nondestructive testing (NDT) from the measurement of the
vibrational strain excited in the test-piece. This link between vibration input and
thermal output will form the physical background necessary to allow, in the next
Chapter, the prediction of the general threshold level of vibration required to detect

cracks reliably.

5.1 Background

Thermal nondestructive evaluation (NDE) techniques have been an active subject of
research since the late 70s [72]. The commercial availability of infrared (IR) cameras
contributed to their continuing success, by offering rapid and large area testing
methods at an increasingly affordable price [73,74]. Thermosonics (or sonic-IR) is
an emerging thermal NDT method which is based on detecting the heat generated by
fatigue cracks in metals or delaminations in composites when a powerful ultrasonic
excitation is applied to the test structure [72]. Vibro-thermal NDE techniques were
pioneered in the early 80s: Pye et al. [75,76] studied the heat emission from defects
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in a low frequency steady state vibration field, whereas Mignogna et al. [7] applied
ultrasonic excitation for several seconds and recorded IR images of the sample during
that time. However, due to the limited sensitivity (in the order of 0.2 °C') of the IR
cameras available in those years, successful practical applications of thermosonics
have been reported only from the late 90s [77-79]. High power acoustic resonators
(refer to section 5.2.1), with a fixed resonance frequency typically at 20 or 40 kHz,
have been used to excite high amplitudes of vibration so that the heat generated at
the defect is large enough to be detected by an IR camera as a surface temperature

rise (thermosonic signal) [80,81].

Thermosonics is currently implemented in two different fashions. In the first one,
known as “lock-in” ultrasound stimulated thermography (UST) [77,78,80], the ul-
trasonic wave used to excite the structure is amplitude modulated at a very low
frequency and the IR images are acquired for several seconds and processed in the
frequency domain. The main advantage of this method is that a relatively low
excitation power can be used. A conceptually similar version of “lock-in” UST is
“burst phase” UST [82], which aims to reduce the testing time. The benefits of fre-
quency modulation were also recently investigated to improve the reliability of the
detection of damage in composites by eliminating heating patterns due to resonant
vibrations [83]. In the second implementation, the vibration is applied for a very
short time (normally under one second) with the aim of producing a quantity of heat
at the defect that is large enough to be readily detected in the form of surface tem-
perature rise by the IR camera [79,81,84]. In this way very quick defect detection
can be achieved. Very small cracks in metallic structures, having a high conductivity
coefficient, have also been successfully detected using this method [85,86]. In this
study we investigated the pulse variant of sonic-IR, since it is quicker and simpler

to implement.

The acoustic horn is a very crude means of exciting high power vibration in struc-
tures. This device can be hand pressed against the test structure or can be loaded
against the structure using a spring, but it is not usually rigidly joined [6]. The

nonlinearity of the coupling between the test specimen and the acoustic horn typi-
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cally results in the excitation of super-harmonics and sub-harmonics of the driving
frequency [87]. When a large number of such frequency components are excited,
acoustic “chaos” can result and this sort of broadband excitation has been demon-
strated to enhance the thermosonic signal [88], although the vibrations produced in
the test sample tend to be highly non-reproducible (this will be treated in detail in
section 5.2.4). Researchers have recently advanced the understanding of the mecha-
nisms of generation of acoustic “chaos” obtained using conventional acoustic horns,
and have investigated the consequent improvement in the defect detection [89-91].
Nevertheless, more quantitative and systematic work is still needed for thermosonics
to become a fully reliable NDT technique. This work proposes a further step in this
direction and its objective is to determine quantitatively the relationship between
the vibration strain level and the surface temperature rise obtained from a crack.
The idea is to extend the approach proposed by Pye and Adams in the 80s [75,76],
who predicted the near-damage temperature field in composites through estimates
of the defect damping. After this link between vibration input and thermal out-
put has been established, it will be possible to find the minimum threshold strain

amplitude that allows reliable crack detection (Chapter 6).

5.1.1 Proposed approach

The prediction process involves two logical steps: first, modelling the heat released
at the crack when the specimen is vibrated and, second, obtaining the resulting
temperature rise at the surface due to heat propagation. In this Chapter, the heat
produced at the crack will be determined using the damping measurements discussed
in Chapter 3. Ideally one would model directly the heat generated by a crack from
the knowledge of the crack size and vibration pattern. However this is a difficult
task as the result would depend strongly on the detailed features of that particular
crack, such as its morphology, its surface roughness, the state of stress around it
and its degree of initial partial opening. In contrast, vibration damping represents
the global loss of energy in a vibrating system: it is a quantity which accounts for

all forms of dissipation at work in a system [26] such as internal material losses,
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dissipation at the joints and supports, etc. It has been known for a long time that
the presence of a crack in a specimen can contribute to a significant increase in the
overall damping and this is the basis of a NDT technique on its own right [19]. For
this technique to be successful, the damping increase due to a crack must constitute a
significant fraction of the overall damping. Therefore it works best for initially lightly
damped structures but its sensitivity is severely affected if the baseline damping (i.e.
without crack) is large, either because the material is lossy or because there is too
much dissipation at the supports, joints etc. On the other hand, thermosonics
offers a local monitoring of heating such that even if significant losses occur at the
supports while the structure is vibrated, the heating produced by a defect can still
be observed provided it is located far enough from the other heat sources. This
study was carried out on the set of laboratory steel beams described in section
2.4.2. The estimate of the crack additional damping obtained in Chapter 3 can be
combined with knowledge of the vibration amplitude as a function of time during the
thermosonic tests to yield an estimate of the heat released at the crack versus time.
This can then be input to a thermal model in which the crack acts as a heat source to
give the monitoring surface temperature as a function of time. Investigations making
use of experimental damping data were carried out by Pye and Adams [75,76], but
they only studied composite samples with impact or saw-cut damage vibrated at low
frequency resonances (up to around 250 Hz). This study presents results obtained
applying transient vibration at ultrasonic frequencies (40 kHz and above) to steel

specimens with fatigue cracks.

5.2 Experimental setup

5.2.1 Characterization of exciter

Ultrasonic horns are not part of the standard equipment generally used in vibration
research. These acoustic resonators [or sonotrodes, one of them is shown in Figure

5.1 (a)] were originally designed for a variety of applications such as cleaning baths,
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Figure 5.1: Thermosonic exciter and its vibration characteristics. (a) 20 kHz acoustic
horn mounted on spring supports for loading against the test-piece. (b) Vibration of the
horn tip in the unloaded status: onset transient, regime and decay after interruption of

electric alimentation.

stimulation of chemical reactions, welding of plastics, industrial cutting of foods,
surgical cutting of tissues or bones, etc.. However, they can be used successfully to
excite the thermosonic signal. For a given material of known thermal properties,
the magnitude of the temperature rise in the region of the defect depends on the
excitation of a high number of cycles per unit time, and on sufficient energy being
dissipated per cycle. These considerations have driven the selection of the ultrasonic
horns as exciters in sonic-IR: they provide high frequency and high amplitude. The
ultrasonic horn shown in Figure 5.1 (a) is part of the Branson digital sonifier model
450 system. It comprises a horn, a converter and a power amplifier. In Figure 5.1
(a), the Branson horn is shown with the support system specifically designed for
thermosonics testing. The support is composed of a block of steel with a groove
that allows the horn to slide in the horizontal direction with minimum friction.
The assembled horn and converter are backed by a moving plate, which can slide
on the same groove. The moving plate is pushed by a set of four springs hosted
by a fixed plate mounted at the back of the supporting block using screws. The
power amplifier, rated at 400 W, supplies an alternating electrical voltage across

a system of two piezoelectric (PZT) discs which is housed in the converter. The
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acoustic horn is a metallic (steel, titanium) longitudinal tapered element with a
decreasing cross section. It is attached to the converter by a threaded stud placed
at the larger cross-section end. The tapered shape can have several profiles, for
example exponential, linear, or double stepped. The tapered shape shown in Figure
5.1 (a) is exponential. The horn is a mechanical amplifier of axial displacement,
due to its tapered form. The system formed by the horn and the attached PZT
discs is a mechanical longitudinal resonator. The horn resonance is tuned to 20 kHz
via its length which corresponds to half wavelength of the first longitudinal mode
of a one-dimensional structure. Although the nominal resonance frequency of this
axial resonator is 20 kHz, the actual axial vibration of the horn may fall within the
range from 19.5 to 20.5 kHz, depending on the external loading conditions. If the
loading conditions are such that the resonance of the horn is outside this range, the
horn tunes automatically to the point of maximum displacement within the allowed
frequency range, and is able to supply, at this working point, up to the nominal limit
of absorbed electrical power of 400 W. However, the actual power supplied to the
horn depends on the matching between the electrical output impedance of the power
amplifier (fixed) and the electrical input impedance of the converter/horn assembly
(depends on the horn loading condition). If the impedance mismatch is too severe,
the electric power is reflected back towards the power amplifier and a safety cut-off
circuit prevents functioning. A laser vibrometer was used to measure the velocity of
the horn tip (unloaded) in operation. Figure 5.1 (b) shows the measured value of the
axial velocity over a time period of 200 ms. The onset transient lasts approximately
30 ms, after which a steady state is reached and a constant amplitude is kept until
the time specified by the pulse duration setting [100 ms in Figure 5.1 (b)]. After the
power supply has been interrupted the amplitude of the horn tip vibration decreases.
In Figure 5.1 (b) a zoom on 10 cycles of the vibration in the regime region is also
shown. The vibration appears to be a virtually perfect sine-wave at around 20 kHz,
and this was also confirmed by a frequency analysis of the time trace shown in Figure

5.1 (b).
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Figure 5.2: (a) Ezample of CFRP plate held in a vice for thermosonics testing. (b)
Thermal imaging of the delamination during thermosonic excitation using the 20 kHz

system.

5.2.2 Initial trials on perspex and CFRP

Initial tests were carried out on carbon fiber reinforced polymer (CFRP) plates
as well as perspex beams since these materials have a lower thermal conductivity
than metals, hence allowing a temperature rise to be measured on the defects even
for relatively low vibration levels. An example of successful measurement of the
thermosonic signal on a composite plate is shown in Figure 5.2. An impact damage
was previously created in the plate by means of a metallic heavy ball dropped from
a height. The damage typical of an impact is characterized by a portion of material
with wide disbondings of the carbon fiber from the layers of resin. These disbondings
are also referred to as delaminations. It is interesting to notice that the damage in
this specimen was almost impossible to detect using conventional pulsed optical
thermography techniques, due to effective heat transmission through the defect.
The plate was held using a vice and the horn was pressed horizontally against either
bottom corner of the plate, as seen in Figure 5.2 (a). The Branson horn was put
in action for 1 second at 30% of the maximum output. The temperature signal
measured with the thermal imaging camera reveals clearly a defective area [Figure
5.2 (b)]. The temperature map in Figure 5.2 (b) also shows a “hot” zone close to the

excitation. Effectively this part is a “blind” zone for the thermosonic technique since
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Figure 5.3: (a) Drawing of specimen P-1 of Table 2.4 with notch machined off. (b)
Ezample of thermal image during thermosonic excitation using the 20 kHz system; the

vibration was measured along the dashed line using a laser vibrometer (see Figure 5.4).

the heat coming from the dissipation at the excitation position locally increases the
background temperature. Away from this confined zone the defect is correctly and
quickly imaged. Further systematic studies were conducted on CFRP plates [P2],

but are not part of the core work presented in this Thesis.

In Figure 5.3 (a) the drawing of a segment of the cracked perspex beam P-1 of Table
2.4 is shown; the crack was not through width and it was visible to the eye given the
transparency of the material. The beam was instrumented with a strain gauge in
order to measure the dynamic strain, and the cracked surface was painted in black to
maximize the emissivity. The strain gauge was attached in the lengthwise direction,
on the cross section containing the crack, on the side opposite to the notch. The
Branson acoustic horn was operated in pulses of duration from 0.5 to 2 seconds for

this specimen. The horn tip amplitude range was from 20% to 40% of the maximum
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amplitude. The typical maximum value of strain measured in these experiments was
around 90 pe. Figure 5.3 (a) shows the segment of the perspex beam P-1 which was
later imaged using the IR camera during thermosonic excitation. It will be noticed
that a portion of material around the notch was removed from the beam. This was
done in order to have the crack mouth breaking across a flat surface. An example of
an IR image taken from the image sequence recorded during a pulse by the thermal
camera is provided in Figure 5.3 (b). It is possible to notice that a hot region
formed on the crack mouth for its whole length (which did not extend over the full
width of the beam). Furthermore, the edges of the slot machined in the specimen
also appeared to have undergone a temperature increase; this was due to the stress
concentration at the edges which resulted in a localized extra material dissipation.
The dissipation of energy due to the material damping was certainly of relevance in
this experiment as shown by the heating of the antinodes of the excited vibration
mode in Figure 5.3 (b). If the direction of the dashed line of Figure 5.3 (b) is
considered, it is possible to compare the amplitude of the vibration of the flexural
dominant mode of this beam with resonance at around 20 kHz, measured using a
single point laser Doppler vibrometer scanned along the length of the beam, with
the magnitude of the thermal signal measured by the IR camera. This is shown in
Figure 5.4. The crack is located approximately half way between an antinode and
a node of the flexural mode that dominates the response of the beam. The zones of
larger velocity match the zones of larger relative temperature increase, confirming
that on these zones the temperature rise is generated by the dissipation of heat
in the material. At this stage, perspex beams were regarded as suitable “learning
specimens”. The low thermal conductivity coefficient (0.17 — 0.19J/(K x Kg) at
23 °C') of the material allowed the heat to build up in the proximity of the defect.
The result was an easily measurable temperature increase that revealed the cracks.

However, the scope of this work was to test and study metallic cracked samples.

Although the initial thermosonic tests presented so far were carried out using the
Branson system of Figure 5.1 (system designed for cleaning baths), this system
proved to be unsatisfactory when the horn was heavily loaded against the test-piece

due to excessive impedance mismatch. For the research on cracked metallic spec-
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Figure 5.4: Comparison between the modulus of the vibration velocity and the temperature

rise measured along the dashed line of Figure 5.3.

imens, the 20 kHz Branson system was replaced by a Sonotronic 40 kHz system
originally designed for welding of plastics, and hence designed to work by loading
it against a structure. The Branson and Sonotronic systems are two examples of
acoustic horns, and comprise conceptually the same parts, which function in essen-
tially the same way. The main differences between these systems are the center
frequency and the output impedance of the power amplifier. The Sonotronic 40 kHz
system was used for all the thermosonic tests on metallic samples presented in the

remainder of this Chapter (this system is the one which appears in Figure 5.5).

5.2.3 Thermosonics testing rig

A picture of the standard experimental setup used on metals in this work is shown
in Figure 5.5. The IR camera was pointed frontally at the cracked surface of the

specimens, and the field of view adjusted over the whole crack width. This was the
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Figure 5.5: Standard thermosonics testing setup; the camera is looking at the crack mouth
(“top” of the crack) across the width of the specimen. The crack is on the other side of

the strain gage.

standard thermal measurement configuration. The beams were supported against
two vertical posts. One end of the beams was held by a “G-clamp” and the ultrasonic
horn was pressed against the other using the spring-loading supporting system of
Figure 5.1 (a). Commercial duct tape was used between the horn and the beams to
protect the latter from direct contact. Each beam was instrumented with a strain
gauge bonded to the face of the beam opposite the crack (also called back-face, as
defined in Chapter 2), in the longitudinal direction. The vibrational strain produced
by each pulse was recorded for each test. The force applied to the beams by the
horn acted in the direction perpendicular to their length, making the generation of
axial and torsional vibrations of the beams unlikely. For this reason and because
the cracks are located at the middle of the beams, and considering that the beams
are long compared to the crack and cross-section dimensions, it was assumed here

that the vibrations predominantly contributing to heat generation at the crack were
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the odd flexural modes of the beams. Thus, the prediction of the thermosonic signal
could be done on the basis of the damping measurements described in Chapter 3,
as they were based on the excitation of such modes. Multiple tests were conducted
on each cracked beam, varying the coupling conditions by repeatedly releasing and

re-coupling the exciter to the beams.

5.2.4 Characteristics of excited vibrations

On the left-hand column of Figure 5.6 [Figures 5.6 (a), (c), (e) and (g)] four typical
strain records are shown. The pulse duration was approximately 0.6 seconds in
all tests. The amplitude of the strain was usually variable during the excitation
time, as can be seen from the signal envelopes. In Figure 5.6 (a) the lowest average
strain level amongst all tests carried out in this Chapter was excited (around 15
pe). The test shown in Figure 5.6 (c) is characterized by a strong variation of strain
amplitude in time, with a maximum of about 60 ue reached after around 0.2 seconds
from the vibration onset. The cases of Figures 5.6 (e¢) and (g) show a less variable
strain amplitude in time but a higher level of average strain, around 60 and 80 pue
respectively (this last test is an example of the highest strain amplitudes excited
amongst all tests). Since the horn and the beams were not rigidly fixed and because
the axial vibration of the horn tip reached relatively high amplitudes (the typical
horn tip displacement was measured to be 6 um), bouncing/hammering of the horn
tip on the beams occurred in all tests, producing nonlinear vibrations. On the right-
hand column, Figures 5.6 (b), (d), (f) and (h) show the strain spectrogram calculated
using the short-time Fourier transform (STFT) method for the corresponding test
on the left-hand column. In the case of Figure 5.6 (b), the spectrum is almost
consistently formed by the driving frequency at around 40 kHz and by its first super-
harmonic at around 80 kHz. For the test of Figure 5.6 (d), the super-harmonics at
120 kHz and 160 kHz are present in addition to the 40 kHz and 80 kHz components;
around the time at which the strain reaches its maximum amplitude, the 120 kHz
component (second super-harmonic of the driving frequency) seems to be the largest

before vanishing and reappearing again at around 0.5 seconds. From this time until
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Figure 5.6: Ezamples of strain records and corresponding short-time Fourier transform

(STFT) spectrograms.

(a) Strain record for test 7 on specimen T-4 and, (b), its STFT.

(c¢) Strain record for test 15 on specimen T-1 and, (d), relative STFT. (e) Strain record

for test 15 on specimen T-5 and, (f), corresponding STFT. (g) Strain record for test 18

on specimen T-6 and, (h), its STFT.
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the excitation is switched off, in this test-case, other frequencies seem to enrich
the strain spectrum: these components are the sub-harmonics at 1/3 of the driving
frequency and some of its multiples. The spectrogram in Figure 5.6 (f) is richer
compared to the case of Figure 5.6 (d). Frequencies above 200 kHz are excited,
although most energy is concentrated in the range between approximately 13 and
133 kHz (1/3 to 10/3 of the driving frequency) with the largest strain amplitudes
seemingly concentrated at 13 kHz, 40 kHz, 80 kHz and 106 kHz (1/3, 1, 2 and 8/3
the driving frequency). After an initial interval during which the vibration seems
to be unstable (until around 0.25 seconds), the strain settles to a nearly constant
amplitude and frequency content before the excitation is interrupted around 0.7
seconds. The last test [Figure 5.6 (h)] presents an extremely rich spectrum, again
with frequency components in excess of 200 kHz excited. Most of the vibrational
energy is however concentrated in the band between 13 kHz and 173 kHz (1/3 to 13/3
of the center frequency). As seen for the former case, the vibration tends to stabilize
after an initial unstable phase near the start of the excitation. Interestingly, the
white tracks that represent the amplitudes of the frequency components of the strain
spectrum are generally wider in this test than for the three cases previously analyzed;
at around 0.4 and 0.7 seconds (immediately before the excitation terminates) a
relatively continuous band of frequencies between 13 kHz and 40 kHz seems to be
excited. This situation is similar to the acoustic chaos recently reported by Favro

et al. [87].

5.3 Crack damping as input in the prediction pro-

cedure

The damping measurements described in section 3.3.3, obtained by the controlled
excitation of a single low-frequency flexural mode of the beams T-1, T-2, etc. of
Table 2.2, could be used to estimate the damping of the crack in any odd flexural
mode using the assumption validated in section 3.3.2 that, at a given strain level, the

energy loss per cycle is independent of frequency. Thus, the calculation of the total
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energy released by the crack after each thermosonic excitation pulse could be done in
the time domain by considering the sum of the contributions during each vibration
cycle undergone by the crack. The value of 1 to be used in such computations was
derived from the curves of Figure 3.8, which express its strain dependence (this loss
factor will be called 7rqcr 3 1.€. the extra loss factor due to the crack and which was
previously measured at high strain in the 3rd flexural mode). Since these curves
were measured by exciting mode 3 of the beams, the strain energy in this mode V3
was used for the calculation of the heat dissipated by the crack AV, during each

cycle 1:
A‘/Z = 27T7]crack,3(€i)‘/3(€i)' (51)

The energy stored by the beams in the 3rd flexural mode was previously obtained
from the eigenvalue finite-element analysis (FEA) of an uncracked beam (see Table

3.2 in Chapter 3).

A summary of all tasks involved in the prediction process is shown in Figure 5.7.
It comprises experimental, FEA and postprocessing steps. The calculation of the
heat released at the crack versus time is possible after the extra damping due to
the crack has been characterized at realistic vibration amplitudes (first horizontal
branch of the flow-chart of Figure 5.7). The vibrations of the beams will be analyzed
in the time domain, decomposing the strain records into individual vibration cycles
and calculating for each one of these the rms strain amplitude. Next, the function
n(e) measured in Figure 3.8 will be used to retrieve the appropriate value of AV
according to equation 5.1. This is shown by the second horizontal branch of Figure
5.7 which merges with the first one at node 1. When the strain in the thermosonic
test exceeded the maximum strain excited in the damping measurements, the value
of AV for the maximum available strain was used for higher strain levels. The
work illustrated by the third horizontal line was necessary to model the crack as a
non-uniform heat source, and combines with the rest of the work-flow at node 2.
The resulting temperature increase at the monitoring surface (over the crack width)
can be obtained at this point using an analytical thermal model of the specimens

(this will be presented in detail in section 5.4). The predicted temperature rise will
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Figure 5.7: Block diagram representing the tasks involved in the prediction of the ther-

signal at the top of the crack

mosonic signal.

eventually have to be compared to the experimental temperature increase measured
by the IR camera during each test in order to validate the prediction algorithm.
The modelling of the crack as a heat source constitutes an extra preliminary stage of
work, in addition to the measurement of the crack damping carried out in Chapter 3.

These two preliminary steps are both required before the calculation of the predicted
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IR camera

\

Figure 5.8: Thermosonics testing configuration with the IR camera pointed towards the
thinner dimension of the cross section of the beams (the crack is said to be seen from
the “side”). This configuration (with the camera rotated of 90 degrees with respect to the

configuration of Figure 5.5) was used to estimate the distribution of heat vs depth.

temperature rise can be carried out for each test.

5.3.1 Estimate of heating distribution

As mentioned in the Introduction of this Thesis, the thermal models used to achieve
the prediction of the thermosonic signal were developed by Tim Barden; however
they are described here for completeness. Simple models of heating at the crack tip
only (uniform linear heat source) and uniform heating over the crack sides (uniform
rectangular heat source) are not realistic, given the complexity of the crack morphol-
ogy (described in section 2.3). In particular, since the cracks considered in this study
“breathe” under the action of flexural vibrations, it could be expected that heat will

be released at the crack tip (in the plastic stress concentration zone) as well as over
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the crack interfaces due to friction during contact of the interfaces. An accurate
characterization of where the heat was dissipated over the crack faces would have
required an in-depth study of the crack microscopic features (size and distribution
of the asperities, size and shape of the plastic zone, characterization of the crack
mouth and tip displacements etc.). For this reason some simplifications were made.
Since the largest dimension of the cracks is their width across the specimens, and
because the cracks mainly vibrated in their opening mode, the heat dissipation was
assumed to be uniform in the transversal direction of the beams. However, it was
assumed that the heat could be generated in different amounts at different depths.
The cracks were modelled as rectangular heat sources with non-uniform power over
their depth. In order to enable the use of a simple analytical model of heat propa-
gation, the crack was divided into a number n of uniform-power rectangular layers
over its depth. The crack spatial heat distribution function was therefore a step-
wise function of the crack depth. The stepwise functions (one for each crack) were
found on the basis of the temperature rise measured at the crack side (Figure 5.8)
at the onset of the vibration, when the effects of heat diffusion were negligible. The
temperature measurements using the setup of Figure 5.8 were taken a few times for
each cracked beam. All the other tests involved measuring the temperature rise at
the top of the cracks across their width (standard testing configuration of Figure
5.5) for the validation of the prediction method. An example of temperature rise
vs crack depth for the crack of specimen T-5 is provided by the solid line in Figure
5.9 (a). This measurement was done in a test with vibration amplitudes similar to
those normally reached during the previous tests with the camera focused on the
top of the crack. The measured temperature profile over the crack side was fitted by
one obtained via finite-element (FE) simulations. A three-dimensional thermal FE
model of the beams was used for this purpose. An iterative trial-and-error analysis
was carried out. Initially, an arbitrary heat-release step function was assumed to
model the crack. The results of the FE thermal analysis produced a corresponding
temperature profile on the crack side. Based on this, a new heat-release step func-
tion was defined and then updated iteratively until a FE temperature profile along

the crack side nearly matching that seen experimentally was achieved. For the crack
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Figure 5.9: Estimation of the heating distribution over the crack depth. (a) Measured
temperature over the crack size for specimen T-5 and matching curve-fitted temperature
profile obtained by finite-element analysis (the y-axis origin is set to 0.02 °C' as this was
the IR camera noise level for these measurements). (b) Corresponding heat-release step
function modelling the crack as three uniform power rectangular heat sources embedded at

increasing depth.

in specimen T-5, a good fit was obtained assuming a 3-step function [see Figure 5.9
(b)]. The fitting FE temperature profile, obtained using the heat-release profile of
Figure 5.9 (b), is shown in Figure 5.9 (a) by the dotted line. Table 5.9 summarizes
all the heat-release step functions that were used to model each crack. The heat
dissipation is given in percentage over the crack depth. For the biggest crack (speci-
men T-1) it was necessary to use four segments, whereas two segments were enough
for the smallest crack of this batch of specimens (specimen T-4). For the cracks in
beams T-1 and T-6, no dissipation was assigned to one intermediate segment. This
may appear unlikely, but it can be explained by an internal concavity of the crack
and therefore can be the result of the crack morphology. From Table 5.1 it can also
be seen that in most cases the thermal depth of the defect was slightly smaller than
the observed crack depth at either side (refer to Table 2.3), meaning that a negligible
fraction of the heat was coming from the crack tip and the plastic zone around it.
In contrast, a significant fraction of heat was often released close to the surface of
the specimens. The average roughness of the crack surfaces (see section 2.3.3) was

around 6-7 pum, and was thus comparable with the average crack-mouth opening
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Table 5.1: Step-functions used to describe the distribution of the heating (given as the

percentage of the total power, P, ) over the segments (d,,) of the crack.

Crack T-1 T-2 T-3 T-4 T-5 T-6 T-7
dy (mm) | 0-0.2 0-0.2 0-0.25 0-0.25 0-0.45 0-0.2 0-0.25
P (%) | 55 64 59 50 50 53 8
dy (mm) | 0.2-0.4 | 0.2-0.75 | 0.25-0.9 | 0.25-0.45 | 0.45-1.7 | 0.2-0.65 | 0.25-1.25
P(%) | 4 3 24 50 33 0 69
d3 (mm) | 0.4-2.5 | 0.75-1.7 | 0.9-14 - 1.7-2.2 | 0.65-1.7 | 1.25-1.6
Py (%) | 0 33 17 ; 17 A7 23
dy (mm) | 2.5-3.5 - - - - - -

Py (%) 4 - - - - - -

displacement (CMOD) for all specimens as discussed in section 2.3.1. Therefore,
contact between crack asperities (hence friction) could occur over the whole cracked
area up to the crack mouth. At certain locations along some of the cracks, CMODs
of up to 10 um were observed, but even in this case friction at the asperities could
occur since the average roughness was measured along 15 mm across the crack near
the top surface and peaks of asperities as high as 20-30 um above the roughness zero

line were observed to be regularly present along the crack width in all specimens.

5.4 Predictions

One vibration cycle was defined by three consecutive “zero crossings” of the recorded
vibrational strain with the two halves of the cycle having strain of opposite sign [as
shown in the inserts a/1) and a/2) in Figure 5.10 (a)]. The heat liberated by the
crack in one cycle was calculated using equation 5.1 and then averaged within time

windows of 6 ms (corresponding to approximately 240 cycles at the fundamental
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Figure 5.10: (a) Strain record for test 5 on specimen T-1; the inserts a/1) and a/2) show

different instantaneous vibration regimes within the pulse. (b) Average power generated

at the crack plotted vs time during the excitation. (c) Prediction and measurement of the

average temperature rise on the top of the crack.
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excitation frequency of 40 kHz) to obtain the power P, (t) as:

> av
i=1

Pcrack@) = At

(5.2)

where n is the number of cycles undergone by the crack in the chosen time step At
of 6 ms. An example of the variation of P....(t) over the duration of the test is
plotted in Figure 5.10 (b) for specimen T-1, test 5. The heat released globally by
the crack was calculated in this way as a function of time during the excitation in
each test and the heat released as a function of depth was obtained as described in
section 5.3.1. The heat-release-vs-depth functions actually used for the predictions
have to express the fraction of the total instantaneous heat generated which is being
released at a certain depth. For this reason the heat-distribution step functions used
in the predictions were expressed as percentages in Table 5.1. For example, specimen
T-2 had the crack which released most heat close to the top surface, whereas for
the crack of specimen T-6 a large fraction of the heat was released at approximately

mid-way from the surface to the root of the crack.

The temperature rise on the monitoring surface of the specimens (top of crack)
could be predicted on the basis of the model of the crack as a heat source described
in the previous section, using the principle of superposition. Since the crack was
described as a finite number of rectangular sources of uniform power embedded in
the beam at different depths over the cracked cross section, the temperature rise
at the top of crack was the sum of the temperature rises caused by each rectangle
separately. The problem of finding the surface temperature rise when a rectangular
heat source is embedded in the material can be solved numerically and has been
already used in thermosonics [92]. In this work (this part was carried out by Tim
Barden, responsible for thermal modelling for the project), adiabatic conditions at
the surfaces were used and no lateral heat flow (no edge effects, equivalent to using
a two-dimensional heat propagation model) was also assumed, given the geometry
of the cracked specimens. The temperature solution 7°(¢) on the top of the crack for
pulsed heating from a series of n uniform rectangular sources of powers P, embedded

in a medium was numerically derived by integrating the solution for a line source
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over the height of the rectangles d;, [93]:

n _
Ph 22 u

T(t):Z{—MHdh/O }LEi(—4—m)dz} with —Ei(—x):/oo i (53)

where k is the thermal diffusivity of the homogeneous and isotropic material and z

is the coordinate of the thickness direction of the beams.

The predicted thermosonic signal is shown in Figure 5.10 (c). Since edge effects
at the crack corners were not considered, the predicted temperature rise is uniform
over the width of the beams. This can be compared to the temperature measured
by the IR camera during the same test [shown by the dotted line in Figure 5.10
(c)]. For such comparisons, the average experimental thermosonic signal from all
camera pixels over the crack width was considered (around 140). This had to be
done because of the non-uniform temperature distribution measured on top of the
crack, which was a consequence of the non-uniformity of the crack over its width
as well as the presence of edge effects etc. An example thermal measurement with
the IR camera in the configuration of Figure 5.5 is given in Figure 5.11 (a). This
IR image is taken from the acquisition sequence at the instant of maximum (space)
average temperature rise. The temperature rise measured at the edges is slightly
different that at the center of the crack; this is a combination of edge effects in the
heat propagation as well as possible local anomalies in the crack morphology. The
temperature rise versus the width of crack is plotted in Figure 5.11 (b) together
with the average level and plus/minus one standard deviation boundaries to give an

estimate of the non-uniformity of the temperature profile.

The analysis of the results obtained in this Chapter can now be divided into two
distinct parts. First, it is necessary to validate the prediction procedure by system-
atically comparing the predictions with the measurements. Second, an analysis of
the sensitivity of thermosonics with respect to crack size can be carried out since

cracks of different size were tested.
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Figure 5.11: Ezample of thermal measurement across the crack (“top” view as in Figure
5.5). (a) IR camera image during test 13 on specimen T-5 at the instant of mazimum
average temperature rise across the crack width. The dashed line indicates the line of
pizels considered for spatial averaging. (b) Temperature rise across crack width (solid line,
the cursor shows the X and Y wvalues in the graph for the point of mazimum), average

temperature rise (dash-dot line) and plus/minus one standard deviation (dashed lines).
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Figure 5.12: Examples of comparisons between measured and predicted thermosonic sig-
nals from different tests in different specimens: all significant cases are encompassed, from
excellent agreement as in (a) (specimen T-1, test 16) to the worst obtained correlation in
(e) (test 18 for specimen T-2), including the case (f) of barely measurable temperature rise
(specimen T-4, test 7) and intermediate cases such as (b) overestimate (specimen T-3, test
15), (¢) underestimate (specimen T-6, test 17) of the thermosonic signal from predictions

and (d) disagreement in the shape of the transient (specimen T-7, test 9).

5.5 Validation against measurements

Six examples to illustrate the different degree of agreement between predictions and
measurements obtained in a total of 116 tests on 7 cracked specimens are shown
in Figure 5.12. These tests represent all the relevant cases, and will be used later
to divide the total number of tests into six distinct categories. In Figure 5.12 (a)

the prediction showed good agreement with the measurement, both in terms of
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maximum temperature rise and the shape of the transient thermosonic signal (rise
and fall of temperature). In Figure 5.12 (b) the shape of the predicted thermosonic
signal was the same as the measured one, but the two curves differed by a factor of
about 2 with the prediction overestimating the magnitude of the measured signal.
In contrast, for the case shown in Figure 5.12 (c¢) the prediction underestimated
the measured temperature rise, although there was still agreement in the shape. In
Figure 5.12 (d) the shapes of the measured and predicted thermosonic signals were
different even though the maximum temperature rise was of the same magnitude.
The test in Figure 5.12 (e) was the worst case out of all tests: the shape of the
transient temperature rise and fall was different and the discrepancy between the
maximum temperatures reached in the test was the largest (around a factor of 2).
The case shown in Figure 5.12 (f) was also of interest because the temperature rise
was barely measurable using the IR camera (Cedip Jade, which allowed a noise floor
of just under 0.01 °C' with background subtraction), although there was general
agreement in terms of shape and magnitude between prediction and measurement.
From the strain record for this test, it could be argued that the threshold strain
for crack detection was, for the crack in specimen T-4, in the region of 15 ue peak.
Six categories, encompassing all possible outcomes from all the tests, were defined
according to Figure 5.12 and labeled from (a) to (f). The variability of the magnitude
and shape of the predicted and measured temperature rise among different tests
carried out on different specimens (shown in Figure 5.12) was caused by inevitable
differences in the coupling and loading conditions of the exciter against the specimens

as well as by changing clamping conditions of the specimens against the supports.

5.5.1 Accuracy of predictions

An estimate of the average agreement between predictions and measurements could
be obtained by plotting the average measured and predicted thermosonic signals
(during temperature rise and fall, over a period of approximately 2 seconds) against
each other, as illustrated in Figure 5.13. The criterion of comparing predictions

and measurements by looking at the average temperature increase was chosen for
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Figure 5.13: Awverage magnitude of the measured thermosonic signal vs average magni-
tude of the predicted thermosonic signal for all tests in all specimens. (a) Specimen T-1;
(b) specimen T-2; (c) specimen T-3; (d) specimen T-4; (e) specimen T-5; (f) specimen
T-6; (g) specimen T-7. The dotted line is the linear fit. The histogram (h) represents the
distribution of the 116 tests in the 6 categories defined in Figure 5.12.
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Table 5.2: Summary of the number of tests carried out for each specimen, the slope of
the lines fitted to the predicted vs measured temperature rises and the average variability
of the temperature across the width of each crack expressed as the standard deviation (sd)

divided by the mean value (Tg).

Specimen T-1 | T-2 | T-3 | T-4 | T-5 | T-6 | T-7

Tests available 18 16 17 17 16 18 14
Slope 1.1 10451059 053] 1.6 | 1.3 |0.77

(:Sr_i) (%) 52 | 33 | 26 | 41 | 37 | 27 | 27

practical reasons: analyzing the detectability of the cracks by finding a relation-
ship between vibration input and the temperature rise. Since the crack signature
temperature rise was measurable during the whole time that the temperature was
higher than the base background level, an appropriate period was about 2 seconds
as indicated from Figure 5.12. From Figure 5.13 (a) to (g) it can be seen that
perfect agreement was not always obtained, as this would have been equivalent to
the measured points lying all on the line with unit slope. However, the predictions
show a clear linear trend with the measurements, with the least square line having
different slopes for different specimens. The slopes of the fitted lines are reported in
Table 5.2. For slopes greater than unity the predictions tended to overestimate the
measurements and viceversa. In the case of specimen T-1 a fitted line with a slope

very close to unity was obtained. The worst case is specimen T-2.

The scatter of the data was due to the general level of accuracy of the predic-
tion methodology. The cracks had a rather complex morphology as documented in
section 2.3, but were modelled using multiple rectangular uniform heat sources as
described in section 5.3.1). The measured temperature rise was the average over
a straight line of pixels approximately covering the crack mouth, even though the
cracks often had an irregular shape. Furthermore, during the excitation pulse, mi-
cro slipping of the specimens in their supports could occur, hence producing a small

offset of the array of monitoring pixels with respect to the crack location. The tem-
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perature was measured over approximately 140 pixels covering the crack width and
its variability was quantified by the ratio between the standard deviation (o) and the
mean value (m). The average value of this ratio (expressed as a percentage) for all
tests available for each specimen is reported in Table 5.2. The lowest average tem-
perature variability across the width was measured for specimen T-3 (around 26%)
whereas the highest was recorded for specimen T-1 (around 52%). These values did
not correlate with the average scatter for each specimen shown in Figure 5.13 (a) to
(g). We also considered each test individually to see whether the tests which showed
worst agreement [Figures 5.12 (d) and (e)] had the largest temperature variability
across the specimen width, but it was not possible to find a correlation. However,
there are several other possible reasons for the scatter in the measurements versus
predictions plots. For example, several approximations were used when considering
the damping data (section 3.3.3). Measurements of 7 were only available up to 30
pe even though in most tests amplitudes of 40 - 60 pe were excited. In addition
the energy dissipated per cycle at a given strain level was assumed to be completely
independent of frequency, a good-enough first approximation which however did not
perfectly match the experimental data. The histogram in Figure 5.13 summarizes
the level of agreement for all tests according to the classification introduced earlier
in Figure 5.12, with categories from “a” to “f”. The tests falling in category “e”
(discrepancy both in magnitude and shape) were less than 10% of the total number
of tests. Most tests (88 out of 116) fell in categories “a” to “c”, meaning that the
shape of the predicted and measured signals was usually the same. For 34 out of
116 tests (22 for column “a” and 12 for column “e”, a total of about 33% of the
total tests) the level of agreement was good, with a discrepancy between the average

predicted and measured thermosonic signals within 20%.

5.6 Analysis of sensitivity to crack size

The second step of the analysis of the results is a sensitivity study to find, if possible,
the minimum detectable crack size using this implementation of the thermosonic

method and the current specimens. The amplitude and frequency content of the
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strain record for each test was non-stationary, hence we computed the rms value
of the strain during the whole duration of each pulse (€,,s) as the quantity to

represent the intensity of vibration. The average temperature rise 1., over the

2

duration of each pulse was also computed. In Figure 5.14 (a) the ratio Tpu,/€xs

(the heat generated is proportional to €?), averaged among all tests available for
each specimen, is plotted versus the percentage cracked area for each specimen.
This ratio clearly increases with increasing crack size, although there is considerable
scatter in the data. It is believed that the scatter is related (1) to the different levels
of initial crack partial opening which could affect the magnitude of the thermosonic
signals for any given crack size and (2) to the non-uniform shape of the cracks across
the width and through the depth of the specimens. A least square linear fit is also
shown in Figure 5.14 (a), and it can be seen that it does not intercept the x-axis near
the origin. This is not physically possible, as virtually no temperature increase must
correspond to the absence of a defect (an extremely small temperature rise would in
theory be possible in the absence of a defect due to internal damping, but this was
never measurable in our experiments). In fact the relationship between temperature
rise and crack size is likely to be nonlinear [17]. A study of the relationship between
defect size and temperature rise for smaller cracks, which are of most interest in

practice, is now needed.

5.6.1 Thermosonic efficiency vs damping efficiency

Figure 5.14 (b) shows the relationship between the average crack-related loss factor
from Figure 5.14 and the crack size. Unsurprisingly the trend is very similar to
that of Figure 5.14 (a) since the increase in loss factor is what produces the tem-
perature rise. The good correlation between the capability of the cracks to generate
a thermosonic signal and to absorb mechanical vibrations is shown in Figure 5.14
(c) where the average temperature rise per unit strain squared is plotted directly

against the crack loss factor.
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Figure 5.14: (a) Measured average temperature rise per unit strain squared plotted vs
percentage of cracked cross section. (b) Crack loss factor vs percentage of cracked cross
section. (c) Measured average temperature rise per unit strain squared plotted vs crack loss

factor for each specimen. The dashed lines represent the linear fit.
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5.7 Review of Chapter

The purpose of this Chapter was to establish a quantitative link between vibration
amplitude and thermal response measured during thermosonics testing of metal
samples with fatigue cracks. The prediction of the temperature rise near the crack
was achieved on the basis of the independent measurements of the additional crack
damping presented in Chapter 3. This approach has the advantage of globally eval-
uating the extra losses at the crack and assumes such extra losses to be responsible
for the local temperature increase. The thermosonic signal could be predicted by
measuring the amplitude of the excited vibrations, even though variable and uncon-
trolled coupling conditions between the horn and the specimens were responsible
for the excitation of complex vibrations. A clear linear correlation between the pre-
dicted and measured average thermosonic signal was found. The deviation of the
line from perfect agreement observed in some specimens is likely to be mainly due
to the complexity of the crack morphology (hence the presence of three-dimensional
effects) and to the difficulty of measuring the crack damping up to the amplitudes
excited in the thermosonics tests. After having established a methodology which
produces a quantitative link between vibration strain, damping and thermosonic
signal, the next task will be to test smaller cracks and derive a criterion for their

detectability.
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Chapter 6

Reliable crack detection using

thermosonics

6.1 Introduction

Thermosonics is a potentially attractive NDT tool which could soon find application
in industry for fast screening of structures. The method is intrinsically rapid and
the pass/fail response after each test could be fully automated to be independent
of human judgement. Major costs arising from the purchase of IR equipment will
decrease as new higher sensitivity cameras will enter the market. The crucial issue
for thermosonics to become a routine NDT method in industry is reliability. The
work described in Chapter 5 sets the necessary background to advance into this
further field of investigation. The local temperature rise exploited by thermosonics
was linked to the energy dissipation occurring at the crack through information on
the crack extra damping. The heat generated at the crack after one vibration cycle is
a fraction of the total strain energy stored in a beam vibrating at a given amplitude.
Higher vibration amplitudes mean that more energy will be transformed into heat
and are therefore desirable in thermosonics testing (so long as the excitation does
not cause further propagation of the crack). On the other hand, higher vibration

frequencies are also beneficial since the heat liberated by the crack per unit time will
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be proportional to frequency for a fixed strain amplitude. Thus, reliable detection
of cracks in thermosonics will involve the determination of the minimum amplitude,
frequency, or combination of these two parameters, required to detect cracks of

practical interest in industry.

In Chapter 5, a total of 116 tests on seven 10-mm-thick beams with cracks varying
from 13% to 40% of the total cross section were recorded and then post-processed.
The presence of a crack at mid-span was detected rather easily in all tests. The lowest
strain amplitude excited by the setup of Figure 5.5 was sufficient to generate an easily
measurable temperature rise on the smallest crack. Let us consider the test of Figure
5.12 (f), where a maximum strain of around 15 pe was measured. This case (test 7
for specimen T-4) has been previously described as “barely measurable temperature
rise” which is correct in comparison to temperature rises typically obtained in other
higher strain tests, carried out on the same specimen, or on other specimens with
larger cracks. In this test, a temperature rise was measured for the whole duration
of the excitation pulse (the maximum temperature rise observed, T},.., was around
0.014 °C'), and was followed by the usual decay once the excitation was switched
off. An estimate of the noise level (NL) for this measurement is the maximum
temperature measured by the IR camera in the absence of ultrasonic stimulation.
According to this definition, a noise level of approximately 0.004 °C' can be estimated
from Figure 5.12 (f). The noise level of a typical thermosonic thermal measurement
is a function of the camera sensitivity as well as the spatial averaging which is used
to obtain the average temperature rise on the crack (this will be discussed later in

section 6.4). The signal-to-noise ratio (SNR) is calculated for this test-case as:

T, 14
Y = — =35~11dB 1
NI 1 3.5 (6.1)

SNR =

which is adequate for the signal to be clearly observed. A study of the minimum
strain required to reliably detect this 13%-of-cross-section crack, would have required
the excitation of strain amplitudes lower than 15 pe. Unfortunately, this could not
be achieved consistently using the excitation setup of Figure 5.5 for the 10-mm-thick
beams. This is essentially due to the fact that the exciter is a fixed displacement

and fixed frequency device, designed to operate within a given range of loading force
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and therefore within given boundaries of power absorption. If the conditions of such
an operation range are not satisfied, a cut-off circuit is programmed to interrupt the

electrical input to the exciter (refer to Chapter 5, section 5.2.1).

A viable method of carrying out a study on the vibration threshold needed to detect
small cracks using the same excitation setup, is to test a set of thicker beams with
cracks of size approximately 10% or lower of the cross section. In this way, less flexi-
ble beams coupled to the same excitation system ensure the possibility to investigate
the threshold between detectable and non-detectable crack sizes. Furthermore, for
a given crack size, tests falling on either side of the vibration threshold could be
recorded and analyzed to determine this vibration limit as accurately as possible.
The cracked beams described in Table 2.3 in Chapter 2 were specifically prepared
for this purpose. The steps involved in the definition of a testing procedure able to

ensure reliable detection of cracks using thermosonics can be summarized as follows:

1. determine a function of strain amplitude and frequency to be used as a refer-
ence parameter to be monitored throughout the study; ideally, this function
will be able to provide an estimate of the temperature rise to be expected on

the crack from the post-processing of the strain record in each test;

2. test the new set of cracked specimens to measure the threshold value of this

new parameter (i.e. the value necessary to detect each crack clearly);

3. calibrate the monitoring parameter against the actual temperature rise mea-

sured in each test;

4. use the results of points 2 and 3 to prescribe a testing procedure to be used in

real thermosonic inspection to detect cracks reliably.
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6.2 Frequency domain post-processing of thermosonic

tests

The crack extra-damping for this new set of specimens was measured in mode 3 at
strains comparable to those normally excited in the thermosonic tests. The results
are illustrated in Figure 3.9 (Chapter 3). If we consider these results and those of
Figure 3.8, it can be observed that virtually constant crack damping as a function
of amplitude was obtained for the two smallest cracks in the specimens tested in
Chapter 5, specimens T-4 and T-7, as well as for all the new specimens (TT-1 to
TT-7). It has already been shown (see section 2.3.1) that the degree of opening of
the crack can influence the actual contact area between the crack interfaces. In light
of this effect, the concept of “effective” crack size was introduced to interpret certain
VAM results (see Chapter 4, section 4.6). The effective crack size is determined by
the gross crack size, the amplitude of vibration and the microscopic morphology of
the defect (e.g. asperities, plastic region around crack tip, condition of pre-stress
across the crack, etc.). This particularly applies to large cracks, such as those in
specimens T-1 and T-5, which have a reduced contact area as the amplitude of
vibration increases; hence the dissipation of energy per unit cycle decreases. Other
specimens which show an increase of loss factor with amplitude, for example T-2,
T-3 and T-6, exhibit this distinctive feature if the degree of engagement of the crack
asperities increases at higher amplitudes with no change of the effective crack area.
However, smaller cracks (with size below 20% of the total cross section), vibrating
within this range of amplitudes, seem to be rather immune to such an evident
nonlinear damping behaviour. For small cracks, it seems reasonable to assume that
the crack damping can be approximately modelled using a single constant loss factor
value, 7, at any given amplitude and frequency. This is equivalent to considering

the crack as an extra source of linear damping in the system.

The immediate implication of this assumption is that the computation of the power
dissipated at the crack during a thermosonic test can also be carried out in the

frequency domain, with reasonable accuracy, rather than only in the time domain
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Table 6.1: Results from the finite-element modal analysis of the beams TT-1 to TT-7 of
Table 2.5.

Flexural mode N | Natural frequency fy (Hz) | Back-face strain eg. n (x10°ue)
1 996 3.80
3 5127 16.8
5 11759 37.6
7 20039 61.7
9 29324 87.3
11 39192 113
13 49373 139
15 59693 164
17 70020 188
19 80212 210
21 89954 224

(as described in Chapter 5) since for a linear system (or reasonably assumed so) the
principle of superposition is valid. This allows the decomposition of the specimen’s
vibration into its individual frequency components and, hence, the calculation of
the strain energy carried by the beam at each frequency from the knowledge of
the mode shapes (see equation 6.3 and Table 6.1). The crack loss factor is used
to calculate the energy dissipated by the crack when vibrating in that mode using
equation 3.13 (Chapter 3). This algorithm needs to be implemented in short-time
Fourier transform mode due to the non-stationary nature of a typical thermosonic
test (see for example Figure 5.6 in Chapter 5). The contributions from all modes

can be summed according to the principle of superposition to obtain:

P(t) = 2 Nerack Z InVn, (6.2)
N
1,2
2 2
VN - <€22 )ﬁexp,N = CNEexp,N’ (63)
fe,N

where the strain energy per unit strain squared, Cly, is calculated numerically from
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the eigenvalue finite-element analysis of the beams, in the same way as described
in section 3.3.2. If the eigenvectors are mass-normalized, the strain energy is given
by half the eigenvalue (%w?\,), €fe,n 1s the back-face strain of the mode N in this
mass-normalized configuration computed from the finite-element analysis (FEA),
and €., v is the actual measured strain of the frequency component fy. The values
of fx and €f. n obtained from FEA of the new beams are given in Table 6.1. Only
odd flexural modes of the beams (up to around the cross-sectional cut-off frequency)
are included in Table 6.1 since the cracks were grown in the middle of the beams
and are therefore predominantly moved (opened/closed) by these modes. The strain

energy per unit strain squared for mode 21 was used for higher order modes if these

were excited in the beams.

In Figure 6.1, the power dissipated at the crack calculated in the frequency domain
is compared to the power profile obtained in the time domain for a selection of tests
carried out on specimens which did not show amplitude-dependent damping. The
two methods produce essentially the same results, even though vibration records
with strong variability of the vibration in time were selected. In the cases of Figures
6.1 (a) and (b), after an initial rapid variation, the power dissipated settles to an
approximately constant value until the excitation is switched off. In the cases of
Figures 6.1 (¢), (d) and (e) the power profile varies strongly in time. Figure 6.1 (c)
shows an extreme case in which the power peaks sharply and returns to a base level.
As explained in section 5.2.4, these characteristics are a product of the uncontrolled
coupling between the exciter and the structure. In Figures 6.1 (b) and (d) the
frequency domain prediction produces a slightly higher power dissipated, whereas
in Figure 6.1 (c¢) the time domain prediction produces a slightly higher estimate of
power dissipation around the peaks. This is not surprising, considering that the

mechanism of power dissipation at the crack is not perfectly linear.

For the purpose of this study, the frequency and time domain post-processing al-
gorithms will be considered equivalent on specimens where the crack damping is
reasonably independent of amplitude. In Chapter 5 it was shown that the ther-

mosonic temperature rise can be predicted, to a reasonable degree of accuracy, using
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Figure 6.1: Comparison of the power dissipated at the crack calculated using the time
domain (solid line) and the frequency domain (dashed line) methods for specimens with
non-amplitude-dependent crack loss factors: (a), test 8 on specimen T-4; (b), test 13 on

specimen T-7; (c), test 10 on specimen TT-1; (d), test 6 on specimen TT-3; (e), test 5

on specimen TT-5.

time domain post-processing of strain records. We can therefore conclude that, for
cracks showing an approximately linear extra-damping, the frequency domain post-
processing can equivalently be used to predict the thermosonic signal. The aim of
the next section is that of introducing a single parameter able to determine whether
a thermosonic test is good enough to allow the detection of a crack of given size;
this new parameter will require the decomposition of the thermosonic strain in its
frequency components. Hence, it has been necessary to compare the time domain

approach and the frequency domain approach in this section.
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6.3 Calibration

In practical NDT testing, a preliminary calibration is very often required before
performing real inspections. Calibration procedures are meant to reliably insert
an NDT methodology into a real inspection context. This involves identifying the
characteristics of the equipment which is available for testing, finding information
on the target defect which has to be detected, gathering knowledge of the response
of the system to a non-defective reference sample, etc.. In this practical perspective,
one can imagine that a number of thermosonic tests will be carried out on defective
and non-defective samples, using the exciter and the IR camera available, before
starting real inspections. Information on the damping introduced by the defects to
be detected would be valuable, as it could be used to provide an estimate of the actual
temperature rise to be expected for a given strain. However, in practice this kind of
background information is hardly ever available since, as shown in Chapter 3, it can
require complicated measurements and can be time consuming. From a practical
point of view, it would be extremely valuable to develop a purely experimental
calibration routine, able to ensure reliable detection of the target cracks, without
a-priori knowledge of the crack damping and of the strain energy per unit strain

squared in any mode.

6.3.1 Energy index (EI)

We have previously seen that, for small cracks, the damping can be approximated to
a constant which can be used at any amplitude and frequency. It was also shown that
large amplitudes and high frequencies are beneficial towards achieving the threshold
power dissipation needed to detect the crack. The energy dissipated is proportional
to the strain squared and the heating rate is proportional to frequency. It seems
appropriate, then, to introduce a new simpler measure of the power generated at

the crack, that will be called “Energy Index” (EI):

EI =) W (6.4)
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where W; = f;/fo is the “weight” of the frequency component ¢;, and is computed
as the ratio of the frequency, f;, of the strain component, ¢;, to the conventionally
chosen center frequency of the exciter, fy (=40 kHz in our case). The EI function
now introduced is very similar to the actual power dissipated at the (small) crack
computed in the frequency and/or time domain (equation 6.2). However, in the
case of EI, the absolute magnitude is arbitrarily scaled (by arbitrarily choosing a
center frequency fy), it does not depend on the crack damping (compare equation
6.4 with equation 6.2) and it does not incorporate the strain energy coefficient Cy

which appears in equation 6.3.

6.3.2 Heating index (HI)

The energy index cannot be correlated, as is, to the temperature rise that can be
expected on the cracks. The temperature rise depends on the thermal response of
the beam/crack system to the excitation function represented by the power liberated
at the crack (this has been discussed in section 5.3.1 in Chapter 5). If the vibration
exceeds a threshold value, then a temperature rise is measured by the IR camera. If
the heat is produced on the surface of the specimens, at the mouth of the crack, it
is readily measurable in the form of a temperature rise. If the heat source is deeper
towards the crack tip, then the heat will have to diffuse towards the monitoring
surface before being detected. At any instant, the actual temperature rise measured
by the camera is the result of contributions from the heat currently being generated
close to the surface and from the heat, generated earlier over the crack depth, which
has diffused towards the surface. In real applications, it would be extremely difficult
to estimate the heating distribution over the crack, as was done in Chapter 5; hence,
it will not be possible to know precisely the delay corresponding to the heat that has
been generated beneath the surface. An accurate modelling of the exact locations
where the heat is released over the cracked area would depend on a detailed knowl-
edge of the crack morphology, which has already been shown (Chapter 2) to be very
complex. For practical purposes, it would be useful to introduce a simple parameter

able to describe the basic physics of thermosonic heating without knowing exactly
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Figure 6.2: Temperature rise recorded for test 17 on specimen T-4 and curve fitting of the
temperature decay after switching off the ultrasonic excitation. This can be approximately
decomposed into two exponential decay regimes: the early decay (dashed line, T! ekt ) is

faster than the later decay (dotted line, T;" e *'t).

where the heat is generated. If most of the heat is produced at the surface, the
transient thermal response will tend to be faster and predominantly driven by the
instantaneous value of the energy index. If most of the heat is produced internally,
the thermal gradients will tend to be slower and their magnitude will be dominated
by the sum of the contributions from heating which has occurred earlier. In this
work, the following “Heating Index” (HI) can be introduced to model the behaviour

described above:
HI(T) = / HFETIEI(t)dt (6.5)
0

where 7 is time, ¢ is the time integration variable, k is a time constant and EI is
the energy index. In other words, this index is a weighted integral of EI where the
weight function is an exponential decay which is equal to unity for t = 7. The time

constant k expresses the rapidity of decay of this weight function.

A justification for the use of an exponential weight function like the one in equation

153



6. Reliable crack detection using thermosonics

6.5 can be obtained by analyzing the recorded transients of temperature decay after
switching off the ultrasonic excitation as they provide, for each crack, the informa-
tion on the relative proportions of heat that are produced closer to the surface or
nearer the crack tip. For example, a very rapid transient could correspond to a
very shallow crack with most of the heat being released very close to the surface.
Figure 6.2 shows the thermosonic signal recorded during one experiment on one of
the specimens tested in Chapter 5. The shape of the temperature decay after the
ultrasonic excitation has been turned off cannot be modelled using one single ana-
lytical function [93]; the temperature decay immediately after the termination of the
excitation is typically faster than the decay at a later time. The point of maximum
curvature (“elbow” point) of the recorded temperature decay separates two regions
within the transient of decay that can be defined as, respectively, the early and the
late regimes. Temperature decays with similar features were obtained in all tests,
and were also reproduced accurately by the thermal models described in section
5.4 of Chapter 5. Ideally one would use the shape of these temperature decays as
weight functions in equation 6.5. However, this can be impractical as there is no
single analytical expression for these shapes. However, each of the two regimes of
decay in Figure 6.2 can be approximated by a simple exponential-law decay of type
T;e~* by choosing opportune values for the constants 7; and k. The first regime is
the one that will predominantly determine the actual value of the temperature rise
on the specimen surface during a thermosonic test, as it is the earlier and the faster
of the two. For this reason, it seemed sensible to use a single exponential weight

function in equation 6.5.

The simplest method to find appropriate values of k for each crack, during the cali-
bration stage, is then by looking at the initial part of the decays of the temperature
signals recorded after switching off the exciter in all positive-detection tests for each
specimen. Figure 6.3 shows the fitting of an exponential-law curve to the early
regime of temperature decay recorded in three tests on three different specimens.
For specimen T-7 (previous batch of cracked specimens) a typical value of k = 5 was
obtained in Figure 6.3 (a); for specimens TT-1 and TT-2 (new batch of specimens),
the typical values of k were respectively 30 and 15, as seen in Figures 6.3 (b) and
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Figure 6.3: Curve fitting of the early part of the temperature decay for the estimation of
the time constant k. The solid lines represent the thermosonic signal and the dashed lines
the exponential-law best fit. (a) Test 17 on specimen T-7: k =5. (b) Test 16 on specimen
TT-1: k=30. (¢) Test 3 on specimen TT-2: k = 15.

Table 6.2: Integration constants used to calculate the heating indexr. The variability
among different tests for each specimen is given by the standard deviation (sd) over the
mean value (k). For specimen TT-4 a value of 10 was assumed as a temperature rise was
never detected.
Beam T-1 T-2 T-3 T-4 T-5 T-6 T-7
k D D 8 8 ) ) )
sd/k (%) 20 13 7 11 17 9 12

Beam | TT-1|TT-2 | TT-3 | TT-4 | TT-5 | TT-6 | TT-7
k 30 | 15 5 10 | 10 | 50 | 10
sd/k (%) 23 | 33 | 19 - 18 | 34 | 22

(c). The time constants k which will be used in the weight function of equation 6.5
throughout this Chapter, and a measure of their scatter among repeated tests for
each crack are given in Table 6.2. These values were relatively consistent among
different tests on the same specimen/crack. The scatter tended to be larger for the
new batch of specimens, due to the smaller measured temperature rise. However,
the mean value of k allowed the heating index to be fitted consistently to the shape

of the measured temperature rise (see later Figure 6.8). For the specimens used in
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Chapter 5 (T-1 to T-7), generally lower values of k were found compared to those
of the specimens to be tested in this Chapter (TT-1 to TT-7). This is not surpris-
ing considering that these latter specimens all contain smaller defects and hence
the heat will be generated closer to the crack mouth. Specimens TT-1 and TT-6
show the highest values of k. This could be explained by heat being generated for
these specimens in a very shallow region at the crack mouth (note that if the heat
was produced by a line source on the surface of the specimens a value of k around
1000 would be obtained). An assigned value of k = 10 was given to specimen TT-4
since, for this specimen, it was never possible to measure a temperature rise (refer
to section 6.4). An alternative method to find appropriate values of k could be by
using a “try-and-error” procedure assuming different values of k£ until the shape of

the measured temperature rise is well reproduced by the shape of the heating index.

With the introduction of the exponential weighting function in equation 6.5, the
response of the system to the generation of heat at the crack (described by EI)
can be modelled in a very simple manner but retaining the fundamental physical
characteristics. Furthermore, the heating index HI can be derived immediately
from the temperature and strain measurements, without resorting to additional
experiments/information. This is very valuable in view of the definition of easy
calibration procedures for real-life thermosonic applications. Naturally, it will be
important that the batch of calibration cracked specimens is representative of the
real target cracks that will have to be detected in real life; the time constant & that
will have to be used in real testing will be the highest amongst the time constants
found in the calibration tests so to obtain conservative estimates of the heating index

in each test.

6.3.3 Use of HI in the calibration procedure

In Figure 6.4, three examples are provided to illustrate the use of EI and HI. The
strain at the crack, the spectrograms of the strain, EI, HI and the actual temper-
ature rise are shown for three tests on three different specimens. The left-hand

column (a) shows a test-case during which a stationary regime of vibration has been
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Figure 6.4: Calculation of the energy index and heating index for different tests on
different specimens. First column from left: (a/1) strain record for test 10 on specimen
T-4; (a/2) its STFT; (a/3) energy index; (a/4) heating index (k = 8); (a/5) actual
measured temperature rise. Second column from left: (b/1) strain record for test 7 on
specimen TT-1; (b/2) its STFT; (b/3) energy index; (b/4) heating index (k =30); (b/5)
actual measured temperature rise. Third column from left: (c/1) strain record for test 6 on
specimen TT-5; (c/2) its STFT; (c/3) energy index; (c/4) heating index (k = 10); (¢/5)

actual measured temperature rise.
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practically reached after approximately half of the pulse duration. This is seen from
the strain amplitude [Figure 6.4 (a/1)] and from the short-time Fourier transform
plot of the strain [Figure 6.4 (a/2)]. The spectrogram also shows the dominant
frequency components at around 40 kHz and 80 kHz, with other contributions from
several sub-harmonics (mainly 1/3 of 40 kHz and its multiples) and super-harmonics
(120 kHz) of the driving frequency. The corresponding energy index is very close
to a step function [Figure 6.4 (a/3)]. The heating index is intended to describe the
“build-up” of the heat at the top of the crack in the form of temperature rise [Figure
6.4 (a/4)]. After an initial stage during which the temperature rises, a condition
of equilibrium is nearly reached during which the heat supplied to the surface at
the crack location is almost equivalent to the heat being diffused away. When the
excitation is switched off, the temperature starts to fall rapidly. The actual tem-
perature measurement is shown in Figure 6.4 (a/5), and confirms that HI can be
used to reproduce the shape of the actual temperature rise. The middle column of
Figure 6.4, (b), gives an example of a test-case with abrupt changes in the test-piece
vibration. Both the amplitude [Figure 6.4 (b/1)] and the frequency content [Figure
6.4 (b/2)] change in time. When the maximum strain is reached (approximately 85
pe just before 0.1 seconds), the 80 kHz component becomes dominant before stabi-
lizing at lower amplitudes comparable to that of the 40 kHz component. At a time
instant between 0.2 and 0.3 seconds, the regime of vibration changes completely:
before this time the 40 and 80 kHz components dominate the vibration whereas
after this time the spectrum becomes rich of many sub-harmonics of the driving fre-
quency. The energy index shows a high peak close to the onset of vibration, Figure
6.4 (b/3). The heating index [Figure 6.4 (b/4)] also presents one large peak, as a
result of the integration of equation 6.5. The recorded temperature rise, see Figure
6.4 (b/5), shows a visible peak corresponding to the peak of the HI function. This
case indicates that a peaky behaviour of the vibration is actually very beneficial for
the purpose of defect detection as the vibration threshold necessary to measure a
temperature rise could be surpassed only in the presence of such peaks. The right-
hand column, (c), illustrates an example of a test showing an intermediate degree of

variability of the vibration of the test-sample in time [Figure 6.4 (c¢/1)], but involv-
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ing higher frequency components [Figure 6.4 (¢/2)]. All the super-harmonics of the
driving frequency are excited between 80 and 200 kHz. After around 0.5 seconds,
the spectrum is enriched by the onset of frequency components at multiples of the
sub-harmonic at 1/3 of the driving frequency. The energy index [Figure 6.4 (c/3)]
varies moderately around an average level very similar to that of Figure 6.4 (a/3).
The corresponding heating index [Figure 6.4 (c/4)] is also similar in magnitude to
that in Figure 6.4 (a/4). However, the actual temperature rise of Figure 6.4 (c/5)
reaches a much lower maximum level and indicates that the heat generated by this
crack is barely sufficient to sustain a measurable temperature rise. This can be ex-
plained by recalling that the temperature rise will be proportional to HI for a given
crack, but the temperature rise for a fixed HI will depend on the crack character-
istics. The correlation between HI and the actual temperature rise measured on
the cracks will be discussed in detail later in section 6.4.2. The lower temperature
rises measured in Figure 6.4 (b/5) for specimen TT-1 and in Figure 6.4 (c¢/5) for
specimen TT-5 compared to that measured for specimen T-4 in Figure 6.4 (a/5),
in three tests characterized by a similar maximum HI, are due to the sizes of the

cracks which are smaller for specimens TT-1 and TT-5.

Figure 6.5 shows a flow-chart of the calibration process. Initially, the region(s) of the
component where a crack could grow and the target size of the defects to be found
have to be defined (oval block) and a representative set of cracked specimens has to
be made available or produced. The excitation and supports should be optimized to
produce a strain large enough to measure a temperature rise on the cracked samples.
The analysis of the thermosonic temperature records will provide an estimate of the
typical time constant k to be used in the calculation of HI as described earlier. Again,
if for one or more cracked specimens in the calibration batch, k is substantially
greater than the average, the highest value of k£ should be used in real testing as it will
yield a conservative HI for a given strain record. EI and HI are arbitrarily-normalized
(40 kHz was conventionally chosen as center frequency) estimates of respectively the
power dissipated at the crack and the temperature rise to be expected on the crack.
If calibrated against the actual temperature rise recorded for a crack of known size,

HI can be used as the reference parameter to determine whether the excitation
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Figure 6.5: Flow chart showing the calibration procedure.
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delivered in a particular test would be sufficient to detect any defects of the target
size or above that are present. This calibration will be done by calculating the
ratio of the maximum temperature rise (7,,4,) to the maximum HI (H1,,,,) for
all positive-detection tests and by plotting this as a function of the actual crack
size measured after breaking the specimens (rectangular box at the bottom of flow-
chart). The best-fit curve obtained from these experimental data will be used as
the main calibration curve, since it provides an estimate of the temperature rise
per unit HI to be expected during the inspection of cracks of predetermined size.
Furthermore, the scatter in the experimental data could be used to estimate an
appropriate safety factor to be used during real testing. The following section shows
the details of this calibration procedure for the specimens and testing setup used

throughout this work.

6.4 Analysis of results

In this study, the location of the crack is known before testing. This makes the de-
tected /undetected judgement easier for the person who is conducting the test. The
IR images shown in Figure 6.6 illustrate three typical test cases obtained testing the
specimens TT-1 to TT-7: (a) detection failed, (b) detection barely achieved and, (c),
detection easily achieved [note the different temperature scale in (c)]. The images
have been post-processed using background subtraction. This was done by subtract-
ing the first frame within each acquisition sequence from all successive frames. The
amplitude of the resulting images, therefore, gives a temperature variation with re-
spect to the initial instant. The judgement on the presence of a crack is taken on the
basis of the contrast between bright pixels on the crack and dark pixels away from
the crack during ultrasonic excitation. In Figure 6.6 (b), only the lower segment of
the crack becomes visible. This could be explained by analyzing the details of the
crack morphology. However, for the purpose of this study, this is a sign that the
vibrations excited are barely sufficient to produce a visible thermosonics signal. In
the tests described in Chapter 5, a temperature rise was always measured across the

whole crack width. The size of the array of pixels covering the crack mouth is a
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Figure 6.6: Ezamples of IR measurements during thermosonics testing on the beams
TT-1 to TT-7. (a) Crack not detected during a test on beam TT-1. (b) Crack detected
during a test on beam TT-5: heat is generated in the lower segment of the crack. (c) Crack
detected in one of the tests on beam TT-6: in this test, the highest temperature rise among
all tests on this batch of specimens was recorded (around 0.5 °C'). (d) Schematic showing

the grid of IR camera pizels covering the crack region.

function of the distance of the camera from the beam. Typically, an array of 150 x 5
(rows x columns) pixels covered the area occupied by the crack mouth, as seen in
the schematic representation of Figure 6.6 (d). The thermosonic signal in time was
extracted by considering, at any instant, the brightest pixel within each row, and
then averaging across the crack width (column direction). In addition, this spatial
averaging reduces the noise level in the so-called thermosonic signal compared to the
baseline IR image noise level. As earlier discussed, the noise level in the thermosonic

test described here was around 0.004 °C'
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6.4.1 Pass-fail analysis

The first stage of the experiments involved testing the detectability of the cracks in
the new specimens TT-1, TT-2, etc. A few tests were run for each specimen looking
at whether the crack was or was not detected. For specimen TT-4 it was never
possible to detect the crack with the particular setup and excitation system used.
For specimens TT-1, TT-3, TT-5 and TT-6 the cracks could be detected after a few
trials. For specimens TT-2 and TT-7 the crack could be detected after many trials.
Thus, it was decided to break specimens T'T-2, T'T-4 and TT-7 at this stage to reveal
the size of the cracks, without testing them further. The defect in specimen TT-4
(never detected) was measured to be 2.9 % of the total cross section. Specimens
TT-1, TT-3, TT-5 and TT-6 were retained in order to take further measurements to
validate the use of HI in the calibration procedure and then to obtain criteria for the
reliable detection of cracks in real inspections. The solid points in Figure 6.7 show
the maximum HI reached among all failed-detection tests on each specimen, plotted
versus crack size; the hollow points represent the minimum HI measured among all
positive-detection tests on each specimen plotted versus crack size. The best-fit line
was evaluated considering only the three positive-detection points that seem to lie
on a reciprocal-law curve, since they represent the three lowest positive-detection HI
relative to crack size. The model fitted to these points was the power-law y = ax?,
where a and b are two coefficients. These were found to be a = 10.9 x 10 and
b = —2 using a nonlinear regression method. The area to the right of this curve
represents the area of probable detection whereas the area to the left the region
with significant chance of failure to detect a crack. Conversely, if the maximum
obtained HI is known from the strain record, the minimum detectable crack size can
be obtained from this graph. From Figure 6.7 it can also be seen that the values of
the highest negative-detection HI and the corresponding lowest positive-detection
HI for each of the three specimens considered to find a best-fit line (specimens TT-2,
TT-3 and TT-7) lie relatively close to this curve, confirming that the best-fit line is

close to the boundary of detectability for cracks of different sizes.
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Figure 6.7: Mazximum failed-detection HI and minimum positive-detection HI amongst
all tests in specimens TT-1 to TT-7 plotted vs crack size (given as percentage of the total
cross section of the beams). The dashed line expresses the reciprocal power-law best fit for

the specimens TT-2, TT-3, TT-4 and TT-7 (specimens with the relative highest failed-

detection heating indez).

6.4.2 Correlation between HI and temperature rise

Before proceeding to a closer study of the vibration threshold required to detect
a crack, the use of HI to describe the temperature rise on the specimens can be
validated against the recorded temperature rise for each test. Figure 6.8 presents
the results for all positive-detection tests carried out on specimen TT-5. HI and
the thermosonic signal are normalized to unity. The correlation of the shape of the
HI function with the measured temperature rise is very good for all tests except for
the one in Figure 6.8 (b). The tests in Figures 6.8 (a) to (j) show a noisy recorded
temperature rise profile due to the baseline noise present in the measurements,

meaning that these tests are those for which a weaker temperature rise was produced.
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Figure 6.8: Normalized heating index (solid line) and temperature rise (dotted line) for
all positive-detection tests on specimen TT-5: (a) test 1; (b) test 2; (c) test 3; (d) test 4;
(e) test 5; (f) test 6; (g) test 7; (h) test 8; (i) test 9; (j) test 10; (k) test 11; (1) test 12;
(m) test 13; (n) test 14; (o) test 15; (p) test 16.

The cases of Figures 6.8 (k) to (p) show a cleaner profile of the temperature record.

In Figure 6.9 the maximum value of temperature rise is plotted versus the maximum
value of HI for all positive-detection tests on specimens TT-1, TT-3, TT-5 and TT-6
(hollow points). The highest negative-detection heating index is also included for
each specimen (solid point as in Figure 6.7). Good linear correlation was obtained

for all four specimens considering the positive-detection test-cases. This validates
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the use of HI as the reference parameter in practical thermosonic applications, as
this is a good measure of the actual temperature rise to be expected. The best-fit
line has been calculated for each specimen from the positive-detection experimental
points in Figures 6.9 (a), (b), (¢) and (d) [the scale in (d) is expanded by 50%
compared to (a), (b) and (c)] using the least squares method including the origin
in the population of experimental points (no temperature rise must correspond to
absence of ultrasonic stimulation). The horizontal lines represent the temperature
threshold value, i.e. the value which has to be surpassed by the thermosonic signal
to reliably detect the cracks; this value was provisionally set to twice the noise
level associated with the measurement and is here equal to 0.008 °C. This choice
was, however, rather arbitrary at this stage and was only intended to indicate a
“rule of thumb”. In real applications this threshold temperature rise will have to
be defined accurately. It will depend on the base camera sensitivity, on the post-
processing of the thermal measurements and on the pass-fail criteria specified for
that specific application. For example, if temperature rise is occurring for the whole
duration of the ultrasonic pulse, this could provide enough evidence on the crack
presence even if the maximum value of the temperature is very close to the threshold
value. On the other hand, if the temperature rise is a single sharp spike within the
duration of the pulse [similar to the case of Figure 6.4 (b/5)], it could be said that
the maximum value needs to be three or four times higher than the threshold value
before concluding on the presence of a crack; otherwise, the test should be run again.
The highest failed-detection test for each specimen (a “zero” temperature rise was
assigned to these tests) is also included in Figure 6.9; the highest HI for the failed-
detection tests for all specimens was already used to plot Figure 6.7. The intercept
of the best-fit lines in Figure 6.9 with the threshold temperature rise can be used to
better define the threshold values for HI. For example, for specimen TT-1 it can be

said that HI needs to be higher than approximately 50 to detect the crack.

The parameters EI and HI are meant to be used in practice with no extra knowledge
on the crack characteristics such as damping, size, shape, etc.. It is only necessary
that the calibration cracked samples are similar to the cracks that need to be detected

in real life. For completeness, it would be useful to compute EI and HI for the strain
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Figure 6.9: Mazrimum temperature rise vs mazrimum HI for specimens with small cracks:
(a) specimen TT-1; (b) specimen TT-3; (c) specimen TT-5; (d) specimen TT-6. The

dashed lines are the best fits. The horizontal lines at 0.008 °C represent the threshold

temperature rise.

records obtained for the specimens with larger cracks used in Chapter 5. If the
maximum HI correlates well with the maximum temperature rise for these tests
as well, this would further confirm that EI and HI are indeed able to model the
thermosonic basic mechanism/physics and are therefore suitable to be used widely
in practical applications. In Figure 6.10 HI is plotted on a normalized scale with the
actual temperature rise for all tests on specimen T-4. The results indicate strong
shape correlation even though, towards the end of the transient of decay, the two
lines consistently seem to diverge. This is due to the fact that HI cannot represent
in detail the effect of the heat coming from deeper parts of the cracks; this is mainly

due to the fact that a single exponential-law weight function, found fitting a curve to
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the early regime of temperature decay, was used in equation 6.5 despite the presence
of a second slower regime that represents the effect of heating produced at deeper
parts of the cracks (see Figure 6.2). This behaviour is likely to be greater for larger
cracks. However, during the excitation pulse, HI seems to represent satisfactorily

the shape of the temperature rise.

The next step is to compare the maximum values of HI with the actual temperature
rise. This is shown in Figure 6.11. The results for all specimens of the previous
batch, T-1, T-2, etc., are presented here together with those obtained for TT-1, TT-
3, T'T-5 and T'T-6 previously shown in Figure 6.9. Good linear correlation between
the maximum HI and the maximum temperature rise was generally obtained for
all specimens. The best fit is represented by the dashed lines in Figure 6.11. It
can be observed that the scatter in the experimental points is lower in the cases of
Figures 6.11 (h), (i), (j) and (k) which correspond to the 4 smallest cracks. This
is not surprising, since the heating index provides a less accurate estimate of the
temperature rise for larger cracks. Since the larger cracks are easier to detect, this
is not important practically; the issue in practice is whether the excitation was

sufficient to detect the smallest cracks that must be found.

6.4.3 Calibration curve

After having validated the use of HI for real thermosonics testing (it can be cal-
culated from the strain record and is proportional to the temperature rise), the
calibration curve introduced in section 6.3.3 can now be derived. The estimation
of this curve coincides essentially with a revised analysis of the sensitivity of the
“thermosonic efficiency” to crack size. In section 5.6, the concept of thermosonic
efficiency was defined as the average temperature rise (73,,) per unit rms strain
squared (€2, .) and was described as the ability of a crack to generate an average
temperature rise in response to an average level of strain excited in a test. At
that time, this seemed an appropriate definition of thermosonic efficiency, since the
temperature rise was usually measured during the whole pulse duration, and the

magnitude of this temperature increase was such that the cracks could always be
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Figure 6.10: Normalized heating index (solid line) and temperature rise (dotted line) for
all tests on specimen T-4: (a) test 1; (b) test 2; (c) test 3; (d) test 4; (e) test 5; (f)test 6;
(g) test 7; (h) test 8; (i) test 9; (j) test 10; (k) test 11; (1) test 12; (m) test 13; (n) test
14; (o) test 15; (p) test 16; (q) test 17.

easily detected. Therefore, the average temperature rise, during the time interval
in which the crack was visible, was taken as the reference quantity. However, from

the point of view of the detection of small cracks, it is important that the thresh-
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Figure 6.11: Maximum temperature rise vs maximum HI for all available specimens
and tests: (a) specimen T-1; (b) specimen T-2; (c) specimen T-3; (d) specimen T-4; (e)
specimen T-5; (f) specimen T-6; (g) specimen T-7; (h) specimen TT-1; (i) specimen TT-3;
(5) specimen TT-5; (k) specimen TT-6. The dashed lines represent the linear best fit. Each
dot represents one test carried out on one particular specimen. FEach test has an amplitude

and frequency content that is particular only to that test and is typically non-reproducible.

old temperature rise is exceeded during the vibration even for a short time interval.
This case could happen when the strain record exhibits distinct peaks, like in Figure
6.4 (b/5). Cases like this occurred often during the tests on the specimens TT-1 to
TT-7. Hence, at the same time as estimating the calibration curve, it seemed appro-
priate to revise the definition of thermosonic efficiency previously used. The ratio of
maximum temperature rise over maximum of HI during a test can be now used to
better characterize the thermosonic efficiency of a crack. The slopes of the best fit
lines of Figure 6.11 already provide a measure of such thermosonic efficiency. In Fig-

ure 6.12, the experimental thermosonic calibration curve is shown. It represents the
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Figure 6.12: New “thermosonic efficiency” vs crack size for all beams of Figure 6.11.
The dashed line represents the best fit of the experimental data and also represents the

calibration curve.

variation of thermosonic efficiency with crack size (here the maximum crack depth
was considered). The dashed line is the power-law best fit of type y = aa®, where
a and b are the coefficients that have been optimized using a nonlinear regression
method. The choice of this model to be fitted to the experimental data was based
on two considerations: first, it expresses the relative increase of difficulty to detect
cracks of size tending to zero (well known to the testing operator and confirmed in
Figure 6.7) and, second, this curve passes through the origin (the absence of tem-
perature rise must correspond to uncracked specimen). However, more specimens
should be tested before deciding which curve fitting model is the most appropriate.
Here, the curve fitting of the twelve experimental points available is intended to

provide an example. Finally, an appropriate safety factor can be determined as a
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Figure 6.13: Flow chart representing the stages involved in real thermosonics testing.

function of the scatter of the experimental points around the calibration curve.

6.5 Criterion of detectability in thermosonic in-
spection
Based on the results obtained from the calibration process, a detectability criterion

can be enunciated to be used in real-life thermosonics testing. This criterion, shown

in the recommended thermosonic inspection procedure of Figure 6.13, is based on
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the definition of the threshold heating index, H I;j,., which is a function of the target
crack size, S,, defined prior to the testing. After each test, the maximum HI, HI,, ..,
has to be calculated using the measured strain record and the time constant k, as
described in the calibration phase, and then compared to HI;,,.. If the threshold
heating index has been exceeded, then the thermal record will be post-processed
looking for possible temperature rises. Based on the detection or non-detection of a
temperature rise, the specimen will be judged as respectively cracked or uncracked.
The actual value of H I, will depend on the results of the calibration, i.e. on the
type of specimen/defect, on the sensitivity of the IR camera and on the thermal
image spatial averaging used. In this study, the defects are through-width surface
cracks produced at mid-span in mild steel rectangular cross section beams (the
geometry was specified in Chapter 2), and the testing configuration is that of Figure
5.5. The exciter and IR camera used were described in section 5.2. However, the
flow diagram of Figure 6.13 can conceptually be used in any thermosonics testing
application. The criterion to reliably detect a crack of size S. can be expressed

starting from the fundamental condition for successful crack detection:
ATmCL{E 2 Aﬂhr (66)

where AT,,.. is the temperature rise stimulated on the crack by a strain record
characterized by a maximum heating index HI,,,, and AT}, is the threshold tem-
perature rise (as discussed earlier it is a function of the equipment sensitivity and
spatial averaging in the IR image post-processing). Equation 6.6 can be rewritten
in terms of HI using the results of the calibration:

AT‘thr
Hjma:c Z A~ 170\ F .
Calsy <° (6.7)

where Cal(S,) is the experimental calibration factor (function of the target crack
size) and SF the safety factor, both determined from Figure 6.12. Hence, the
threshold heating index will be defined as

Aﬂhr
Hlp, = ———— x SF 6.8
HTCARE (6.8)
to obtain
H[max 2 HIthr (69)

173



6. Reliable crack detection using thermosonics

which is the condition that has to be satisfied in each test to be able to be confident

that cracks of the required size and location will be detected.

6.6 Review of Chapter

In this Chapter, the problem of practical testing using thermosonics has been tack-
led. This study moves from the background findings of Chapter 5, which clarified
the basic mechanisms of thermosonic heating. The minimum combination of strain
amplitude and frequency content necessary to achieve reliable detection of cracks
was conveniently expressed by the heating index, HI. HI can be calculated from the
analysis of the strain record, after a time constant which accounts for the depth
at which the heat has been released (k) has been estimated. The minimum HI
needed to exceed the minimum measurable temperature rise is a function of crack
size, and it has been shown that it is relatively more difficult to detect cracks as
their size decreases. With the setup used in this work, a crack measuring 2.9% of
the specimen total cross section could never be detected. However, larger cracks of
size between 3.5% and 7.8% of the cross section could be successfully detected and
used to find an experimental curve to calibrate HI against the actual temperature
rise as a function of crack size. The results from this calibration process were then
used to recommend a testing algorithm that can be used in real thermosonic inspec-
tions. In principle, much smaller cracks can be found in different geometries (e.g.
thinner beams) and/or using more powerful exciters [86]. However, the calibration
procedure suggested in this Chapter remains a valid tool to empirically correlate
temperature rise, vibration level and crack size, provided the same representative
vibration parameter (e.g. strain, velocity or displacement) is measured during the

calibration and real tests.
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Chapter 7

Conclusions and further work

7.1 Review of Thesis

This thesis has investigated the performance of the vibro-acoustic modulation (VAM)
and thermosonic methods of NDT applied to rapid screening of metallic structures
for the detection of small cracks. As discussed in Chapter 1, both methods have
the potential to detect fatigue cracks otherwise difficult to detect using traditional

NDT techniques (especially when the cracks are small and tightly closed).

VAM and thermosonics are two relatively novel NDT methods which both rely
on the excitation of vibrations able to generate differential movement of the crack
interfaces. In this work, this was done by exciting one of the lowest frequency modes
of the test structure in the case of VAM, or a large number of modes (simultaneously)
in the lower ultrasonic frequency range between 20 and 200 kHz for thermosonics.
The effects of displacing the cracks in these ways were then measured either using
an interrogating ultrasonic signal (in the range between 100 and 230 kHz) for VAM,
or by monitoring the temperature of the surface of the structure with an infrared
camera looking for local heating at the defect location or close to it in the case of

thermosonics.

Quantitative studies have been made possible by the availability of sets of speci-
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mens of simple geometry with cracks of different size. In Chapter 2, the procedure
to obtain cracks of controlled size by fatiguing metallic and perspex pre-notched
beams has been illustrated; the cracks were grown to different depths looking at the
propagating crack tip with a microscope while dynamically loading the specimens.
Cracks were produced measuring from around 3% to 40% of the total cross section.
This has allowed the correlation of the experimental results with the actual crack
size known after breaking the specimens at the crack location. However, the crack
size was found to be not the only parameter influencing the magnitude of the mon-
itored quantities in both methods (sidebands-to-fundamental ratio for VAM, and
temperature rise for thermosonics). Other morphological features like the initial
pre-stress status of the crack, its partial opening and the crack roughness may have
an effect on the sensitivity of VAM and thermosonics. The size, the initial partial
opening and the roughness of the cracks produced for this work have been measured

and characterized.

Both methodologies have been found to be related to the damping measurement
method of NDT: in order to prove this, damping measurements were taken on all the
available cracked specimens in addition to the VAM and thermosonic measurements.
The experimental setups used to measure the crack damping have been described
in Chapter 3. Initially, the damping readings were taken in order to compare the
sensitivities of VAM and thermosonics with that of the damping method of NDT.
However, the knowledge of the damping of the cracks, and its dependence on the
frequency and amplitude of vibration, was also useful to predict the thermosonic

temperature rise from the measurement of the vibration excited in the structure.

Work carried out within this project by Duffour et al. [94] showed that the sensitivity
of the VAM method to small cracks in metallic structures is very similar to that of
the damping method and, crucially, in this Thesis it was shown that both methods
are extremely sensitive to the supporting conditions of the test-piece (Chapter 4).
If the supports are not engineered properly, they may introduce significant amounts
of damping and nonlinearities in the system, so that small cracks would become

undetectable if their presence produces extra damping or extra nonlinearities of
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the same order or less than that generated by the supports. Although VAM and
damping measurement are in principle two different NDT methodologies, it was
shown in Chapter 4 that VAM generally performs better for initially lightly damped
systems, which are also ideal for the damping measurement method. A reliable
implementation of VAM testing was achieved by suspending the specimens on elastic
strings, de-coupling the specimen and the supports by means of rubber studs and
exciting the low frequency vibration using an impact hammer. A vibro-modulation

damage index has been defined and plotted versus the severity of each crack.

By contrast, thermosonics allows the cracks to be detected despite the specimens
typically being either clamped to the supports or sandwiched between the exciter
and the supports, both of which introduce a significant amount of damping and non-
linearity. In these conditions, the energy converted into heat at the crack is picked
up by the IR camera in the form of a temperature gradient, irrespective of the en-
ergy that is being dissipated elsewhere in the system (e.g. supports, contact between
specimen and exciter, etc.) provided the crack is far enough from all other sources
of heat. In essence, thermosonics can be regarded as a local damping measurement.
This has been proved in Chapter 5, where the crack “thermosonic efficiency” was
found to be proportional to the crack “damping efficiency”. While thermosonics is
virtually insensitive to the extra damping introduced by the supports in the system,
it benefits from the nonlinearities caused by the contact between the specimen and
the supports and between the specimen and the exciter. A rich frequency content of
the excited vibration has been often been shown to be key to obtaining a measurable

temperature rise.

Since the thermosonic excitation system produces non-reproducible, complex vibra-
tions in the test-piece (due to the uncontrolled coupling and supporting conditions)
it was decided to investigate the introduction of a unified measure of the excitation
undergone by the crack, which could be used to establish whether any individual
test reached a satisfactory level of vibration to be able to detect a crack of predeter-
mined size. This has been done by defining the energy index and the heating index

in Chapter 6, which are both calculated from the recorded vibration signal, and are
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functions of both amplitude and frequency. In particular, the heating index can be
correlated to the actual temperature rise that can be expected on the monitoring
surface, and can therefore be calibrated against it on a batch of calibration cracks
of target size. In practice, this calibration establishes experimentally a quantitative
link between crack size, temperature rise and level of excitation. On this basis, a
real-life testing procedure has been proposed which guarantees the reliable detection

of cracks of target size.

7.2 Comparative analysis of VAM and thermoson-

ics
Sensitivity

Using the implementation of VAM testing investigated in this Thesis and the vibro-
modulation damage index defined in section 4.4.1, it was shown that cracks of size
less than 7% of the total cross section are unlikely to be detected. By contrast,
thermosonics could detect cracks through around 3% of the total cross section of the
beams using the setup shown in Figure 5.5. Although both methods are sensitive to
variations in the crack morphology, this study was carried out using beams cracked
in the same fatiguing rig using similar loading settings, so the cracks had similar
morphological characteristics. It can be argued that cracks smaller than 7% of
the cross section could be detected by VAM, if the damage index was obtained
by averaging over a narrower ultrasonic range of frequencies around one of the
points of maximum sensitivity (see for example Figure 4.9) and higher levels of
low frequency strain were excited; this observation is valid, however it has to be
taken into account that, in this case, a preliminary ultrasonic sweep over a broad
frequency range should always be performed to identify the ultrasonic frequencies
of maximum sensitivity. For this reason it seemed more practical to average over
a broad frequency range to calculate the vibro-modulation damage index. The

excitation of higher low frequency strains would be problematic as the method has
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been shown to be very sensitive to the supporting conditions and to the presence
of attachments (e.g. shaker); for this reason the excitation of higher strains in
VAM was not pursued further. Obtaining a higher VAM sensitivity would require
significant further efforts in the optimization of the testing rig. Conversely, in the
case of thermosonics, it would be sufficient to use a more powerful exciter to excite
higher levels of vibration and be able to detect smaller cracks, as reported by Favro

et al. [85].

Reliability

For VAM, reliable crack detection can be potentially achieved in three steps: first,
the testing rig has to be optimized to ensure negligible strain dependence of the
sidebands for an uncracked specimen, then ultrasonic probing frequencies of maxi-
mum sensitivity have to be selected and finally a large strain (magnitude dependent
on size to be detected) has to be excited at the crack location (i.e. the crack must
not be at a low frequency vibration node). However, the issue of reliable crack
detection using VAM has not been investigated in depth in this Thesis since the
method appeared less attractive than thermosonics due to the need to optimize the
supports and to sweep the ultrasonic frequency. For thermosonics, the subject of
reliable crack detection has been investigated in detail in Chapter 6 and the real-life
testing procedure that has been suggested ensures the reliable detection of target
cracks if the maximum heating index reached in a test exceeds a minimum prescribed

threshold value.

Defect location

In the implementation used in this Thesis, VAM does not offer information on the de-
fect location; it can only provide a pass/fail test on the respective absence/presence
of a crack. Conversely, one of the key advantages of thermosonics is the immediate
knowledge of the location of the defect. However, to achieve this, the threshold heat-

ing index should be excited throughout the whole structure (this will be discussed
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later in section 7.4.2).

Inspection time

If a point of maximum sensitivity for the ultrasonic interrogating signal is known, the
VAM test could be carried out relatively quickly (on the assumption that the test rig
has been previously optimized). A disadvantage in terms of rapidity of inspection
for VAM is represented by the need to ensure a point of maximum sensitivity by
sweeping the ultrasound, especially if small cracks have to be detected. By contrast,
thermosonics is an intrinsically fast method, although a relatively large time could
be spent on the optimization of the supports and excitation (which is an equivalent

issue in VAM testing).

Usability

Usability is here intended to describe the extent to which either method could be
used as an “off-the-shelf” and “user-friendly” tool for rapid screening of structures
for small fatigue cracks. In this respect, the common factor shared by VAM and
thermosonics is the need to carry out a preliminary optimization of the testing rigs
before the data can be used to make an assessment of whether the target cracks can
be detected reliably or not. In the case of VAM, the supports must not introduce
significant nonlinearities in the system, whereas for thermosonics the exciter and
the supports have to be optimized to excite the minimum heating index required in
the whole specimen. Once this has been achieved (in both cases this may require
considerable effort), the test-piece can be tested straightaway using thermosonics,
although in certain circumstances cleaning of the component and /or painting it black
may be required to provide a uniform maximum emissivity. The test-component that
has to be prepared to be tested using VAM will have to be cleaned in order to enable

the attachment of any studding required to support the specimens.
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Cost of equipment

The major cost for equipment is represented by the IR camera employed by ther-
mosonics (at least one order of magnitude more expensive than any other instru-
ment that may be required for VAM or thermosonics testing), whereas the cost of
ultrasonic horns is similar to the cost of any other standard exciter used in modal
analysis (e.g. electromagnetic shakers). Less expensive, uncooled microbolometer
IR cameras are nowadays available in the market, and are usually characterized by
a sensitivity a factor of 4 to 5 lower than the traditional cooled IR cameras [95].
VAM uses standard means to excite the required vibration fields and is therefore

potentially much cheaper to implement than thermosonics.

7.3 Summary of scientific achievements

The work on VAM and thermosonics undertaken in this Thesis has led to an exten-
sive quantitative assessment of the potential of both methods for the rapid detection

of small cracks.

The sensitivity of the VAM method that was chosen for implementation has been
shown (Chapter 4) to be a function of the ultrasonic frequency selected for inspec-
tion; points of maximum and minimum sensitivity to the defects have been found to
alternate regularly across a wide ultrasonic frequency range. The immediate prac-
tical implication of these results is that an ultrasonic frequency sweep is likely to
be required in most NDT VAM applications, particularly if small cracks need to be
detected.

In order to increase the VAM sensitivity to small cracks, a large low frequency strain
could be applied at the crack location as an alternative or in addition to tuning to a
point of ultrasonic maximum sensitivity. However, this strategy is likely to be very
difficult to implement since the VAM method used in this Thesis has been shown to
be sensitive to the supporting conditions and to possible exciter attachments. It was

found that this poses a further limitation to the practical potential of inspection of
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VAM. The findings discussed so far have been presented in a conference paper [P6]

and in a journal paper [P3].

In another journal paper [P1], it was demonstrated that there is no significant advan-
tage using this implementation of VAM over the traditional damping measurement
method of NDT for detecting cracks in metallic or perspex beams: both techniques
appeared to offer limited sensitivity for the detection of small cracks and hence could
be rated as equivalent for the purpose. An improvement of the sensitivity of both
damping measurement and VAM would mean significant efforts in the optimization

of the supports which results in a loss of attractiveness for industrial applications.

The systematic measurement of crack damping has led to an insight on the dissipa-
tion mechanisms at the crack that are also responsible for the generation of the heat
detected by thermosonics (Chapter 3). If large vibration amplitudes are reached, a
portion of the crack area can lose contact at the asperities and therefore the damp-
ing may decrease for increasing amplitude vibration, in contrast with the traditional
statement that the structural damping (to which the presence of the crack added)
increases for increasing vibration amplitudes. This effect has been measured and
has been taken into account for the relevant specimens in the prediction of the
thermosonic signal. These results can be found in a journal paper [P4] and in a

conference paper [P7].

In Chapter 5, the thermosonic temperature rise was calculated on the basis of the
additional structural damping due to the cracks (which was measured previously
and independently of the thermosonic tests). The results showed that thermosonics
can be regarded as a localized damping measurement, although the scatter in the
correlation between the thermosonic efficiency and the damping efficiency demon-
strated that the three-dimensional morphology of the cracks may affect the accuracy
of the predictions. These findings were included in a conference paper [P8] and in a

journal paper [P4].

Since the thermosonic method appeared promising for quick NDT, an in-depth study

was carried out in Chapter 6 to establish criteria for the reliable detection of small
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cracks. The calibration procedure established a methodology to find empirically the
minimum vibration level that generates a measurable temperature rise on the cracks
that need to be detected using an IR camera of known sensitivity. This quantitative
link between the fundamental variables of thermosonics is the foundation of a simple
procedure to ensure that sufficient strain level has been achieved in a given test to
ensure detection of any cracks of the required size. These findings have been in part
published in a conference paper [P9] and the submission of a journal paper [P5] has

been planned.

Finally, the experience gained throughout this work has also helped to advance
the application of thermosonics to the detection of delaminations in composites.
This part of the project has not been discussed in this Thesis, since it was carried
out under the responsibility of the collaborators at the University of Bath (see
Chapter 1). However, most thermosonic experiments on composites were carried
out in parallel with the thermosonic tests on metals (which were the main area of
investigation) and benefited from them. The advances in thermosonic testing on

composites have been published in a journal paper [P2].

7.4 Further work

7.4.1 Further work on VAM

Further work could be carried out (on the same specimens) to compare the per-
formance of the implementation of VAM testing studied in this Thesis with other
implementations which are also usually categorized within the VAM family: for ex-
ample, tests could be carried out using two or more ultrasonic signals and looking
at their inter-modulation [96], by using short ultrasound pulses travelling in the
test-structure in pulse-echo or pitch-catch configuration [61], or by looking at phase

modulation in addition to amplitude modulation [51].

VAM tests were carried out in this Thesis on rather thick mild steel beams with

183



7. Conclusions and further work

through-width cracks extending to a maximum depth of a few millimeters; fur-
ther work could be conducted to investigate thin aluminium plates with through-
thickness cracks (this geometry is similar to the panels used in the aerospace indus-
try) and a new assessment of sensitivity could be carried out for these specimens
and compared with the VAM sensitivity performance found in this Thesis. More
sophisticated post-processing routines (e.g. bispectrum analysis [96]) could also be
used on the data that have been already collected for this study to establish whether

this brings any improvement of the sensitivity of the method to small cracks.

7.4.2 Further work on thermosonics

Further work could be planned to compare (on the same specimens) the performance
of the pulsed implementation of ultrasound stimulated thermography studied in
this Thesis with the continuous excitation method known as “lock-in” ultrasound

stimulated thermography [80].

Throughout the thermosonics research, cracks known to be located in the middle
of the beams have been detected and a procedure to reliably detect small cracks
known to be in one or more specific locations of the test-structure has been pre-
scribed in Chapter 6. However, for real applications it will be valuable to extend
this procedure to cases where the possible crack location is unknown. In order to do
this, criteria will have to be developed to ensure that the threshold heating index
is surpassed over the whole structure during the test and not only at one location.
This could be achieved by exciting, for example, a number of high frequency modes
of the structure simultaneously (broad band excitation) or in succession by sweep-
ing the excitation over a frequency range. Another significant area of investigation
would be the detection of non-surface-breaking cracks and the analysis of the max-
imum detectable depth as a function of the excitation level. Finally, it has been
shown in this Thesis that the current thermosonics excitation method is non con-
trolled; a key area of investigation for thermosonics to become a routine inspection
method in industry would be the availability of an excitation apparatus able to en-

sure that the correct modes and amplitudes needed to excite the required heating
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index throughout the whole structure are consistently excited. To achieve this, both
the mechanical and electrical behaviour of the acoustic horns described in Chapter 5
should be further analyzed in order to develop new, better controlled and dedicated

thermosonics exciters.
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