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Abstract

Conventional ultrasound inspection has been a standard non-destructive testing
method for a long time. In most cases, though, a liquid coupling medium, such as water
or gel, is required because of the huge impedance mismatch at a solid-air boundary.
The physical contact with a liquid medium is a drawback because it prevents ultra-
sound inspection of many important materials. Modern industry, however, has a grow-
ing need for new, improved and remote non-destructive testing techniques for the in-

spection of new kinds of materials.

This thesis describes the use, advantages, limitations, and applications of a commer-
cially available remote air-coupled ultrasound testing system that has been imple-
mented in an accredited non-destructive testing laboratory (EN ISO/IEC 17025 : 2000).
One of the objectives of the study, therefore, is to discover whether air-coupled ultra-
sound conforms to standards of modern quality assurance by comparing requirements
of modern standards with the possibilities of this new advanced technique. The results
are also compared with other non-destructive methods to discover if air-coupled ultra-
sound testing can compete with current techniques. First, the possibilities of linear air-
coupled ultrasound inspection in through-transmission mode are investigated. In this
case the equipment is used in its standard mode and ultrasound images (A-, B-, C-
scan images) are performed. Second, the measuring technique is further developed to
operate in the non-linear mode. This latter method uses the non-linear behaviour of
defects for fast and selective imaging. Therefore, the excitation of a sample by injection
of a sinusoidal wave using external or internal sources produces higher harmonics at
the damaged area. By using these harmonics, defect-selective imaging is performed in
which only the defect itself appears. In the case of non-linear air-coupled ultrasound,
the sample is excited at frequencies that have the centre frequency of the air-coupled
narrow band receiver as an overtone. When the receiver scans across the sample, it

responds selectively to the higher harmonics.

In this study, high performance materials, components, and processes that are close to
actual applications and that are difficult or impossible to measure with water are in-
spected. Results of air-coupled ultrasound imaging performed on fibre-reinforced plas-

tics, water sensitive materials (e.g. C/C-SiC ceramic or wood), and smart structures are
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presented in order to reveal delaminations, impacts, and growth of internal defects.
Further measurements of monitoring the curing process of epoxy resin and of the
manufacturing process of the new high temperature resistant C/C-SiC ceramic are pre-
sented. In addition, results are shown in which the actuator in shape-adaptive struc-
tures is used as transmitter and the receiver of the air-coupled system is used to record

the signals. Thus it is possible to detect defect areas of the piezo actuators.

Analysing the results and by comparing them with other non-destructive testing meth-
ods demonstrates that air-coupled ultrasound inspection is a promising new technique
that is suitable for modern quality assurance and one that can compete with other non-

destructive testing methods.
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Kurzfassung

Herkdmmliche Ultraschalluntersuchung ist seit langer Zeit eine Standardmethode der
zerstorungsfreien Prifung. In den meisten Fallen wird aufgrund des grof3en Impedanz-
unterschiedes an einer Festkorper/Luft Grenzschicht ein flissiges Koppelmedium (bei-
spielsweise Wasser oder Koppelgel) bendtigt. Dieser direkte Kontakt ist jedoch ein
Nachteil, da er Ultraschallmessungen an vielen wichtigen Materialien unmdglich macht.
Zur Untersuchung neuartiger Werkstoffe hat die heutige Industrie jedoch ein wachsen-
des Bedurfnis fur neue, weiterentwickelte und beruhrungslose zerstorungsfreie Prufver-

fahren.

Diese Arbeit beschreibt den Einsatz, die Vorteile, die Grenzen und die Anwendungen
eines kommerziell erhaltlichen luftgekoppelten Ultraschallsystems, welches in ein akk-
reditiertes Pruflabor (EN ISO/IEC 17025: 2000) eingebunden worden ist. Eine der Ziel-
setzungen dieser Arbeit ist deshalb herauszufinden, ob luftgekoppelter Ultraschall die
Standards der modernen Qualitatssicherung erfillt. Die geschieht durch den Vergleich
der Forderungen heutiger Standards mit den Moglichkeiten dieser neuen fortschrittli-
chen Technik. Die Ergebnisse werden gleichfalls mit weiteren zerstérungsfreien Me-
thoden verglichen, um zu beurteilen, ob luftgekoppelter Ultraschall mit gegenwartigen
Verfahren konkurrieren kann. Zuerst werden die Moglichkeiten des linearen luftgekop-
pelten Ultraschalls in Transmissionskonfiguration untersucht. Dabei wird die Messein-
richtung in ihrem Standardmodus verwendet und Ultraschallbilder (A-, B-, C-Bilder)
aufgezeichnet. Dann wird die Messtechnik weiterentwickelt, um sie im nichtlinearen
Modus zu betreiben. Diese letztere Methode verwendet das nichtlineare Verhalten von
Fehlistellen fur eine schnelle und selektive Darstellung von Defekten. Eine sinusformige
Anregung (externe oder interne Anregungsquelle) erzeugt héhere Harmonische in den
geschadigten Bereichen. Die Verwendung dieser Harmonischen ermdoglicht eine de-
fekt-selektive Darstellung, in der nur die Fehlstellen selbst abgebildet werden. Im Fall
des nichtlinearen luftgekoppelten Ultraschalls wird die Probe mit Frequenzen angeregt,
die die Mittelfrequenz eines luftgekoppelten schmalbandigen Empfangsprufkopfs als
Oberton haben. Beim Abrastern der Probe reagiert der Prifkopf selektiv auf die hdhe-

ren Harmonischen.
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In dieser Arbeit werden Hochleistungswerkstoffe, Bauteile und Prozesse untersucht,
die nah an praktischen Anwendungen sind und die schwer oder Uberhaupt nicht mit
Wasser untersucht werden kénnen. Es werden Ergebnisse von luftgekoppelten Ultra-
schall prasentiert, die an faserverstarkten Kunststoffen, wasserempfindlichen Werkstof-
fen (beispielsweise C/C-SiC Keramik oder Holz) und an formadaptiven Strukturen
durchgefuhrt wurden, um Delaminationen, Impactschaden und das Wachstum innerer
Fehlstellen zu erfassen. Dartber hinaus werden Messungen dargestellt, bei denen der
Aushartevorgang von Epoxidharz und der Produktionsprozess der neuen hochtempe-
raturbestandigen C/C-SiC Keramik uberwacht wird. Weiterhin werden Ergebnisse ge-
zeigt, bei denen der Aktor einer adaptiven Struktur als Sender verwendet wird und die
Signale mit dem Empfanger der Luftultraschallanlage aufzeichnet werden. Auf diese

Weise ist es mdglich, fehlerhafte Bereiche eines Piezoaktors zu finden.

Durch die Betrachtung der Ergebnisse und deren Vergleich mit weiteren zerstdrungs-
freien Testmethoden wird gezeigt, dass luftgekoppelter Ultraschall eine vielverspre-
chende neue Technik ist, die fur moderne Qualitatssicherung geeignet ist und die mit

anderen zerstorungsfreien Methoden konkurrieren kann.
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1 Introduction

1.1 Quality assurance

According to the Codex Hammurabi of King Hammurabi of Babylon, 1700 B.C. [1,2], if
a master builder built a house for someone, and the construction was not well done so
that the house collapsed and killed the owner, the master builder would be killed too (§
229). If, as a result, property is also destroyed, the master builder must replace the
damaged property. Furthermore, because the master builder has not built the house
well enough, he must rebuild it at his own cost (§ 223). This law is obviously very strict
and clearly describes what has to be done and who is responsible. In 1985 the council
of the European Community (EC) announced a “similar code” for product liability within
the EC. Article 1 specifies that the manufacturer of a product is responsible for damage
caused by a fault of the product [3]. The motivation of this guideline was to establish
equal trading conditions within the EC, free movement of goods, and to unify customer
rights in Europe. The principle of this guideline is that the guilt is independent of liability
of the manufacturer. The consequence for Germany is the product liability law of 1989
(edited in 2002) [4]. This law has been one of the reasons why companies increased
their efforts in the field of quality control and then developed quality assurance. In addi-
tion to the legal reasons mentioned above, a major aim of quality assurance is to es-
tablish cost-effective techniques and methods that ensure customers receive quality
and faultless goods and thus enhance their satisfaction. This involves:

e examining the processes,

e ensuring that processes are fully understood,

e identifying a few critical checks along the way, and
e ensuring that a reject is not being produced.

As a consequence, quality assurance offers control at each step of the process so that
it is very difficult to produce a defective item. If faults exist, they are identified and cor-
rected before any further value is added [5]. Furthermore, quality control itself looses
importance. All efforts to increase the quality of a good are combined in a quality man-
agement system (QMS) of a company [6]. It is important that a QMS has an effect on

an entire company [7] (people, processes, tools, management) because 75 % of the
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faults of a product are made during design, development, and process planning, while

80 % of the failures are corrected during quality control and during use (Figure 1).
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Figure 1: Origin and correction of faults [8].

prevention of faults detection of faults
"Rule of Ten"
3 100.-
@
o
®
n
3 10.-
1.-
0.1 1
‘//—
life cycle of a product >
planning/ | develop-| process [ manu- quality use/
design ment | planning | facturing| control |customer

Figure 2: “Rule of Ten” [1].
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From the viewpoint of cost efficiency, the “Rule of Ten” states that it is much cheaper to
correct a fault in the early stages of a product’s life cycle (Figure 2). Destructive testing
of items and materials is one tool for quality assurance. It consumes time and money,
however, because the product must be taken out of production, treated, and inspected.
Afterwards, the part cannot be taken back into the manufacturing process or used for
further tests because it has been destroyed by such activities as tensile testing, cutting,
or disassembling it into pieces. This destruction is an especially important disadvantage
for inspecting high value goods and components, those that are difficult to manufac-

ture, and those that are already in use.

1.2 Quality assurance and non-destructive testing

Non-destructive testing (NDT) techniques offer new possibilities because the good is
not destroyed, and is usually inspected in a remote, fast, and reliable way. As men-
tioned above, though, modern thinking is not to examine as much as possible and sort
out defective products in order to assure that only faultless products are sold. Instead,
the major aim is to optimise the entire process so that quality is produced and not
achieved by examination. Therefore, non-destructive testing techniques can be used
readily in early stages such as development, process planning, and manufacturing. In
the development stage, the decision can be made about how an item is inspected,
what are the critical parts, and whether the components need to be adjusted to the re-
quirements of a testing technique. In the pre-production process, samples with artificial
defects that are close to possible ones can be used to qualify the inspection methods.
Next, after first tests of use or operation, components need to be inspected to make
sure that no defect occurred. During and after the production process, non-destructive
testing techniques are applicable to monitor the process itself and the results achieved.
After a product such as an automobile or airplane is delivered to costumers, it is impor-
tant to inspect safety-relevant components like high-performance brake disks or air-
plane structures after a certain period of time. NDT methods are increasingly more
common in this field because in most cases the components even do not need to be

removed.

A general example of how non-destructive testing can be used as a tool for quality as-

surance is described by a cross-linked feedback loop (Figure 3). The controlled vari-
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ables of each loop are quality and a faultless product. The controlled system is affected
by seven main disturbances:

e the production environment,

¢ the employees themselves,

e the materials used,

e the tools themselves,

e the method,

e the management, and

e the measuring techniques for the parameters.

+ closed-loop controlled variable: quality
disturbance controlled N R R
| Vvariables ’ system Y > >
- production
process correction
closed-loop reg;?gstls()f
__| disturbance + controlled
variables system
_ design detection
process NDT-
methods
regulator .
off-line
methods
actual value
regulator + set value:
J T O\ quality requirements
on-line <
methods u-

Figure 3: Cross-linked feedback loops of quality assurance and the position of NDT
methods inside the loop.

For detection of faults, NDT methods can be used. These methods provide an actual
value that is related to the quality. This value is compared by a regulator with the set
value that is connected to the quality requirements. This regulator sets the values for
on-line and off-line methods. On-line methods have a direct influence on the production
process. Off-line methods such as Statistical Process Control (SPC) and Failure Mode
and Effect Analyses (FMEA) [9] have an indirect control on the production line over the
long run because of changes made during the design of a product. One of the topics of
FMEA is the calculation of a risk failure priority number of a potential defect. This num-

ber includes an approximation of the importance and of the occurrence of the failure as
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well as of the probability of the failure detection. Therefore, it is important to choose the

appropriate technique and also to know the limitations of the method.

The introduction has discussed faults and non-destructive testing methods in general.
The following section describes the most common non-destructive methods and their

applications.

1.3 State of the art of non-destructive testing techniques

The general form of all non-destructive testing techniques is that a sample is excited
and the response is detected (Figure 4). The excitation E (f) of a sample can be per-
formed with many kinds of waves with different frequencies, by many kinds of fields,
and by particles. The most common forms are light sources, oscillation sources, sound
waves, thermal waves, x-ray, electric, and magnetic fields. The response R (f) of a
sample, indicated by reflected, transmitted, deflected, penetrated, or emitted signals, is
affected by changes in geometry such as variations of thickness, by the material itself,
and by possible faults such as cracks, delaminations of layers, disbonding of adhesive
joints, or corrosion. The signals received are either used directly for evaluation or com-
pared with the excited signals or with the signal pattern of a faultless (defect-free) ref-

erence sample.

excitation E (t) sample/component response R (t)
with or without
A E) e===D>| ;| kinds of faults/defects |EEID>A R (t)
E (t) 2R (t)
> /'\ >
physical effects response
* waves changes of
» oscillations » amplitude
* particles * phase
sources « frequency
* light « time of flight
. sounq o indications for
* heat injection faults/defects
* X-ray
» electrical and
magnetic fields

Figure 4: General form of non-destructive testing techniques [10].
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1.3.1 Non-destructive testing using optical methods

Description: Perhaps the oldest non-destructive technique is inspection by the naked-
eye (visual examination). The sample is excited by a light source such as the sun or
lamps. The reflected light is detected by human eyes. This is still one of the most
common methods used in industry. It has its limitations, though, because only visible
defects but no hidden defects can be found, and human beings can concentrate on
very monotonous work for only a short period of time before the work becomes routine.
One of the 14 demands for quality management of W.E. Deming is to reduce routine
work [11]. As a consequence, visual examination as an inspection method has limited

applications.

Microscopy is another well known optical method. With a microscope, not only is opti-
cal magnification possible but also stresses inside of photoelastic materials are visible
(polarizing microscopy). The photoelastic effect is based on the fact that the speed of
light varies for different polarization directions. Macromolecule chains of polymers be-
come oriented because of external or of internal strains that cause a preferred orienta-
tion. This process results in differences in the speed of light. With the help of two polar-
izers (one polarizer before the optical transparent sample, one polarizer behind the
sample, and with a 90°- difference in polarization direction), light and black patterns can

be detected that are dependent on the distribution of stresses.

The Moiré-effect and methods related to interference fringes are used to detect local
changes of deformation caused by local heating, by external stresses, or by under-
pressure. The Electronic-Speckle-Pattern-Interferometry (ESPI) is based on the tech-
nique in which a sample with a diffuse-reflecting surface is irradiated by an unfocused
laser beam. With the help of optical components and a CCD-camera, the reflected la-
ser light is recorded. By superimposing the reflected beam onto a reference laser
beam, interference fringes are generated, which create an image with a grainy struc-
ture (“speckles”). For small deformations, the speckles are coupled to the deformation
of the surface. The resulting image, evaluated by calculating the change of phase of
images taken at different deformation steps, shows fringes of the same deformation
patterns. As a result, deformations can be detected. By the use of different set-ups of
the speckle-interferometer, it is possible to monitor deformations perpendicular to the

surface (out-of-plane) or tangential to the surface (in-plane). Out of three images (x-, y-
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and z- direction), the vector field of the three-dimensional displacement of the surface
can be evaluated [12,13,14]. The disadvantage of this method is that the environment
(e.g. vibrations, turbulences of the air, and unavoidable heating of the sample) may
have a major negative influence on the results. Modern quality assurance demands
reliable and easy-to-perform methods. Therefore, this technique is more suitable for
research and for special purposes than for regular use during production process.
Shearography is less sensitive to perturbations because it detects gradients of local

deformations [15].

Applications of optical methods:

e visual examination/microscopy
o opaque materials: defects on the surface (visible cracks, corrosion, local
heterogeneities, roughness)
o transparent materials: internal defects (e.g. cracks, holes) and inner
stress fields caused by discontinuities

o Moiré-effect, Speckle-Pattern Interferometry, Shearography
o surface deformations caused by visible or non-visible defects close to the
surface (cracks, stresses, delaminations, impact damage, misorienta-
tions, local variations of stiffness)

1.3.2 Non-destructive testing using radiography and x-ray methods

Description: Five years before W. C. Roentgen (1895) discovered x-rays, the scientist
A. W. Goodspeed from Philadelphia and the photographer B. Jennings made x-ray im-
ages of coins in through-transmission mode without knowing the significance [16,17].
Today the classic x-ray transmission technique is well known in such areas as medi-
cine, security checks at airports, and NDT. X-ray inspection is a standard NDT tech-
nique for both metal and non-metallic components [18] and is an important as well as a
reliable method used in industry for quality assurance as a process control tool. The
images are made in through-transmission because x-rays transmit solids almost with-
out deflection and the intensity of the beam is reduced proportionally to the 3 power of
the atomic number of the material. Because of the lower atomic nhumber of polymers
compared to metals, the absorption coefficient is low so that the contrast of x-ray im-
ages is also low. Boundaries of delaminations, cracks, and similar defects have almost
no effect on the x-ray beam. As a result, in order to detect cracks that are open to the
surface, a contrast medium with a high atomic number and that penetrates into the

open crack is used. To increase the resolution of x-ray images, the beam can be fo-
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cused to a diameter of a few micrometers (“micro-focus technique” [19]). Similar to re-
fraction of light caused by prisms or by lenses, x-ray beams are also refracted at
boundaries, such as pores or fibres, because of the wave behaviour (x-ray refraction
technique). The refraction effects of x-rays, however, have a much lower extent than

the refraction effects of light [20,21].

Applications of x-ray methods:

e classical radiography for inspection of
o tubes and pipes
o weldings

¢ micro-focus technique for inspection of
o components for which high resolution is needed (e.g. inspection of mi-
croprocessors, plugs or all kinds of microelectronical items)

e x-ray refraction for detection of
o inner surfaces
o microcracks (density and orientation)
o broken glass- and carbon fibres
o fibre disbonding

1.3.3 Non-destructive testing using microwave methods

Description: The uses of microwaves for radar applications and microwave ovens are
well known. Their use for non-destructive testing, however, is barely known. Because
microwaves are electromagnetic waves, the physical laws for refraction, reflection, and
scattering can also be applied to them. As compared to light, microwaves have a much
larger wave length (up to a factor 10°). Many polymer materials are almost transparent
at such long wave length and as a result inspection is easily performed in this spectral
region. The penetration depth depends on the dielectric loss factor and on the frequen-
cies used [22]. Differences in material properties (like heterogeneities) and in density
cause a change of signal that can be detected. Also changes in the polarisation of mi-
crowaves are used to detect local variations of anisotropy. Because of the skin-effect,
the penetration depth of microwaves inside metals is low. As a result, only defects
close to surfaces can be detected. The primary advantages of microwave testing tech-
niques are that measurements can be performed contact-free and with single-sided
access (e.g. with open-ended rectangular wave guides [23,24]). Additionally, the injec-

tion moulding process for manufacturing plastic parts, for example, can be monitored
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by microwave sensors to record the filling of the forms and the cooling down of the melt
[25]. These two points have a significant influence on the quality and the shape of plas-
tic parts. Thus, with the inspection of microwaves, two of the principles of modern qual-
ity assurance can be fulfilled: first processes must be fully understood and second

processes must have the ability to produce faultless parts [26].

Applications of microwave methods:

o monitoring

- the curing process of resin

- the moisture content of a variety of materials

- changes in defects in glass fibre reinforced polymers
o detection of

- delaminations

- corrosion
o measuring glass fibre orientation of reinforced polymers

1.3.4 Non-destructive testing using thermal methods

Description: Thermography uses the property that every object with a temperature of
above 0° Kelvin emits a continuous frequency spectrum of electromagnetic waves
(based on Planck’s radiation law). An infrared camera, such as a thermal focal plane
array camera, detects a certain frequency range. The radiation intensity measured de-
pends on the temperature of the sample and on the emission coefficient of the surface.
If this coefficient is approximately constant over the entire surface, the image of a ther-
mal camera primarily displays the temperature distribution. A thermal image is a sensi-
tive indicator of heat flow, changes of temperature, and hidden structures. Because the
inspection takes place in a remote and a non-contact way, thermography is an impor-
tant method for non-destructive evaluation. Also, for process control, production moni-
toring, and for quality assurance, thermography is a primary technique for applications
in which heat (e.g. alloy mould) is involved. Because this method relies on detection of
anomalies in the temperature pattern, there might be artefacts caused by air turbulence
or reflections from the environment. These artefacts may hide critical anomalies

caused by defects.

An infrared camera can also be used to detect a thermal wave [27]. This wave, de-
scribed as space-time dependence of temperature modulation, behaves like other
waves and is both transmitted and reflected at thermal boundaries. An intensity-

modulated radiation (temperature modulation) is induced from the outside onto the sur-



INTRODUCTION 25

face and propagates into a sample by absorption. The thermal wave reflected at inner
boundaries interferes with the temperature modulation on the surface. By performing
Fourier analyses, magnitude and phase images are calculated from a sequence of im-
ages taken during modulated irradiation. The magnitude image is less sensitive than
the phase image because it is affected by infrared emission, by heterogeneities of the
surface, and by heterogeneities of optical radiation. This disadvantage is avoided by
using phase-angle images. Also in comparison to the magnitude image, the depth
range is almost doubled [28,29,30,31]. Lockin thermography [32,33,34, 35,36] makes
use of this technique of evaluating magnitude and phase images. Thermal waves can
be generated either by external excitation like sinusoidally modulated lamps (optical
lockin thermography, OLT) or by internal excitation caused by such sources as an at-
tached modulated ultrasound source (ultrasound lockin thermography; ULT [37]). The
acoustic wave is transmitted into the sample from which it is reflected at boundaries
(e.g. surfaces) until the wave hits a defect that is able to generate heat by hysteretic
effects, by friction of crack tips, or by friction of delaminations. Instead of sinusoidal
modulated sources, a short sonic burst (ultrasound burst phase thermography, UBP
[38]) can be used. The frequency spectrum of the detected heat changes and the cool-
ing-down period provide information about the depth where defects are located. The
advantage of UBP is the reduced measurement duration time. ULT and UBP are de-

fect-selective methods because only signals from a defect are detected.

For quality assurance, fast and defect-selective techniques are essential to reduce
cost, to help understand processes, and to reduce inspection time. Thermography
cameras, especially for lockin-methods of NDT applications, are still quite expensive.
As a result, these techniques are used primarily for high value components or safety-

relevant components.

Applications of thermal methods:

e classic thermography for monitoring of
o mould profiling (e.g. alloys)

plastic extrusion

paper web processes

paper plate manufacturing

o O O

e optical lockin thermography (OLT) for
o detection of
- disbonded stringers
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- cracks, delaminations
- hidden corrosion
- disbonding of layers and adhesive joints
- loosen rivets and screws
- hidden heterogeneities inside materials
o monitoring of the integrity of structures
o inspecting of paint thickness

e ultrasound lockin thermography (ULT) and ultrasound burst phase thermography
(UBP)
o defect-selective imaging of delaminations, impacts cracks, broken string-
ers, and disbonding

1.3.5 Non-destructive testing using vibration methods

Description: In addition to visual examination, vibration methods have been well
known for a long time. Classic methods consider only linear behaviour that is described

by Hooke’s law. Some common examples are:

e Thumping melons and listening to the response to discover if they are ripe or not.
e Tapping ceramic cups and plates to find out if there are cracks.

e Knocking with coins on wall tiles to identify loose tiles.

In industry, classic vibrometry is used to inspect running machines components like
gear boxes to detect imbalances or turbulences. Another example is knocking on
wheels of railway vehicles to detect cracks. These techniques employ natural frequen-
cies, bending modes, resonant frequencies, and the width of peaks in the frequency
spectrum as well as acoustical impedance. All of these effects are linked with mechani-
cal properties, such as velocity, density, stiffness, or damping, that are important for the
quality of an item. Local changes in mechanical properties that might be related to po-
tential defects cause changes in the values measured, such as shifts of resonance fre-
quencies or broadening of peaks (damping). Results are achieved by comparing the
values measured with those of a faultless sample. The disadvantage of these tech-
niques are that spectral changes can be caused by sources other than defects (such
as changes in geometry caused by the manufacturing process) and that it is difficult to
distinguish among the sources. Also, because of standing wave fields and nodes, there
is no constant sensitivity over the entire sample and defects may not be found. If the
only objective is to identify faultless components, though, vibrometry offers many pos-

sibilities.
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If the inspection is performed only by tapping, such as on melons, ceramics, or tiles,
and “recording” the response with the human ear, the test is subjective and depends on
the experience of the person doing the testing. Therefore, from the viewpoint of quality
assurance, such a procedure can only provide a hint and is not suitable to qualify a
potential defect because of the subjective impressions of people. To avoid this disad-
vantage, reliable excitation sources, recording equipment, and data processing are
needed. Excitation can be performed either by external sources, such as hammers,
shakers, piezo-electric actuators, or by internal sources, such as embedded actuators
or running a machine or component that needs to be inspected. To record signals, mi-
crophones and analogue or digital equipment for data processing can be used. The
disadvantage of using microphones is that sound sources of the environment may af-
fect the signals received. To overcome this disadvantage, a laser vibrometer can be

used and the frequency spectrum as well as natural frequencies can be evaluated.

In comparison to classic (linear) methods, new and interesting techniques like non-
linear vibrometry use non-linearity for selective detection of defects independent of ge-
ometry. One example of non-linear effects is clapping in old automobiles. Clapping can
be caused by loose and moving boundaries due to such causes as loose screws. The
moving interaction of boundaries is a source for higher harmonics (overtone caused by
non-linear behaviour). It is interesting to note that if screws would be fastened, then
there would be no higher harmonics. For non-linear inspection of samples, resonant
excitation must be avoided so that a constant sensitivity over the entire sample is
achieved by missing standing wave patterns. A scanning laser-vibrometer that monitors
the frequency spectrum at each pixel on the surface of a sample can be used to image
local non-linearity. By using the level of a certain overtone for imaging, areas of non-
linear behaviour (potential defects) are selectively displayed [39]. Thus, non-linear vi-
brometry is an interesting tool for quality assurance when quick and reliable decisions

must be made.

Applications of vibrometry methods:

e linear vibrometry for
o detection of
- defects in valves
- loose joints
- heterogeneities
- cracks
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o recording of bending modes

¢ non-linear vibrometry (defect-selective imaging method) for
o detection of
- delaminations of laminates
- impact damage of laminates
- disbonded stringers
- cracks
- hidden corrosion
- disbonding of adhesive joints
- hidden heterogeneities inside materials
o inspection of shape adaptive structures

1.3.6 Non-destructive testing using ultrasound methods

Description: In 1929, when the use of ultrasound for non-destructive testing was first
published by S. Sokoloff, it was not known if ultrasound inspection would be successful
nor if it would be able to compete with radiography [40]. Today, ultrasound inspection
methods are powerful tools for non-destructive testing and are widely used in industry
because high resolutions are possible depending on the chosen frequency (100 kHz —
20 MHz) and because measurements are relatively easy to perform with commercially
available equipment [41,42]. The basic process, described in more detail in chapter 4,
involves ultrasound waves being launched by a transducer into a sample and either the
reflected wave is recorded by the same transducer (reflection technique) or the wave
that is transmitted through the sample is recorded by a second transducer on the op-
posite side (through-transmission technique). Because of additional acoustic bounda-
ries of potential defects (difference in acoustic impedance; section 2.4), the wave is
partly reflected and partly transmitted. The reflection technique has the advantage that
only single-sided access is needed, and if the sound velocity of the material is known,
the depth of a defect can be calculated. The through-transmission technique is used for
highly sound-absorbent materials because the sound must pass through the sample
only once. Because of the huge impedance mismatch between solid and air, a liquid
coupling medium, especially for high frequencies, is needed. For one-point measure-
ments, a gel coupling medium is sufficient. For scanning techniques, however, the en-
tire sample must be immersed in liquid, as in a water tank, for constant coupling condi-
tions. This restriction is the major disadvantage because it is not a remote technique. In
industry, there is a growing need for dry-contact or non-contact inspection. Therefore,

major ongoing attempts in the non-destructive testing community seek to fulfil this
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need. Recently, improvements in electronics and in transducer design allow air-coupled

measurements to be performed with sufficient signal-to-noise ratio (chapter 5).

Applications of ultrasound methods:

e ultrasound inspection for

o detection of

- cracks

heterogeneities
delaminations of laminates
impact damage of laminates

- corrosion
o inspection of

- weldings

- fibre matrix interaction

1.4 Scope of the thesis

Non-destructive testing is one of the most important means to detect, verify, and to
qualify the quality of items. When applied during all stages of a product’s life-cycle from
design to operation, it has always been an integral and central part of quality assur-
ance. NDT techniques must provide reliable and accurate testing as well as confidence
to the test results. These methods must meet the requirements of customers and regu-
latory bodies for the safety of all kinds of applications. Each of the NDT techniques de-
scribed in section 1.3 plays its role in this field. Each technique is suitable for specific
purposes and there is no general method that covers all. The most important require-
ment for all techniques is that test objects are not affected by these methods and that
the techniques have no influence on the results (Figure 3). Conventional ultrasound
has limitations because a liquid coupling medium is needed and because the test ob-
ject must be kept in a water tank if scanning measurements are needed. Water may
penetrate the sample and therefore influence the test object. For further heat treatment
of an item or for monitoring of processes like the curing process of epoxy resin, this use
of liquid is a major disadvantage. Also immersion in water may affect the ultrasound
propagation inside water sensitive materials, and thus influences the signal received,

especially if the time dependence of water diffusion is considered.

Air-coupled ultrasound (ACU) overcomes these limitations and offers new possibilities

because it is a non-contact method. Air-coupled techniques were proposed about three



30 INTRODUCTION

decades ago but not brought into practice because of inadequate equipment [43,44].
Recently, improvements in electronics and in transducer design permit air-coupled
measurements to be made with sufficient signal-to-noise ratio [45,46,47]. Commercially
available equipments from various manufacturers are currently used mostly at universi-

ties for scientific purposes but some industry applications exist already.

The scope of this study is to establish and to integrate ACU measuring techniques into
the NDT lab of the Institute for Polymer Testing and Polymer Science (IKP) and to in-
vestigate both the potential and the limitations of this new technique for industrial appli-
cations. Furthermore, this study will verify whether ACU inspection meets the stan-
dards for modern quality assurance and is able to be used as a new tool. Therefore, a
variety of different materials and components will be inspected and the results com-

pared with those of other NDT techniques.

e Wood samples were chosen because conventional ultrasound techniques using
water are not appropriate so that many ongoing investigations attempt to find

suitable NDT techniques.

e Carbon fibre reinforced polymers (CFRP) are being used more frequently in the
automotive and aerospace industries for safety-relevant components. Because of
layer structures, new potential defects like impact damage and delamination of

layers are possible and need to be inspected.

e Gluing of components is replacing other joining techniques for certain applica-
tions. Thus, it is important to monitor the curing process of epoxy resin to find out
if it is possible to distinguish among different mixing ratios and to detect de-
bonded interfaces. For this kind of inspections, remote techniques are appropri-

ate.

e Components made out of Honeycomb structures are used for such things as air-
planes or helicopters. The focus in this work has been to detect disbond between

skin and cells as well as to detect inclusions like resin agglomerations or water.

¢ Reinforced ceramics have a high temperature resistance and thus are a material
that is ideal for brake discs of sports cars and for heat protection shields of space

ships. The manufacture of reinforced ceramics components requires new and im-
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proved processes. Processes that are safe and fully understood are one of the
primary objectives of quality assurance so that this new manufacturing method is
being monitored with ACU. Because there are several heat treatment steps, in-
spections of the process in a water bath would not be possible. Not only the

manufacturing but also most likely potential defects need to be examined.

e Shape adaptive structures are used in industrial applications because of their ad-
justable mechanical properties. To make these properties possible, piezoelectric
actuators are embedded in glass fibre reinforced polymer (GFRP) or in CFRP-
components. One of the main inspection approaches of these structures is to use
the embedded actuator itself as the excitation source for NDT methods (health
monitoring). A non-contact technique like ACU is able to receive the transmitted

signals.

The samples used for this study were provided mostly by industrial sources and by
other institutions that have a strong interest in new methods and are seeking reliable

testing. As a result, it is feasible to work on real NDT problems.

For the primary quality assurance issues, easy-to-handle techniques are needed that
are uncomplicated, produce reliable results, and allow fast decisions. As discussed
above, defect-selective NDT methods like ULT or non-linear vibrometry offer these out-
comes. Ultrasound measurements performed with contact technique on small samples
with nearly ideal defects to detect non-linearity and imaging with ultrasound microscopy
[48] have been described in literature. Thus, the idea rose as to whether non-contact,
non-linear ACU inspection can be applied for defect selective imaging on materials of
practical importance and used in industrial applications today. Because conventional
ultrasound methods are widely used and well known in industry, it is unproblematic to
establish this new air-coupled technique. Such techniques have not been established
to date to any appreciable extent because of the lack of knowledge about possible ap-

plications.
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2 Linear Acoustics

The field of acoustics covers generation, propagation, and receiving of sound [49].
Sound waves with frequencies higher than human beings can hear are called ultra-
sound waves. Depending on their age, human beings can hear frequencies up to 20

kHz. Table 1 presents a classification of different ranges of sound waves.

frequency range | classification of waves

0<f<20Hz infrasound waves
16 Hz < f < 20 kHz ||audible waves

20 kHz <1 GHz ultrasound waves

f>500 MHz hypersound waves

Table 1: Classification of acoustic waves according to frequency range [50].

The classification scheme makes sense, however, if different uses and origins of the
sound waves are considered. Infrasound waves, for example, are generated by earth-
quakes. Audible waves are used by human beings for vocal communication and are
also generated by such things as musical instruments like pianos, drums, or organs.
Ultrasound has its applications in the field of material testing and in medicine. Also, in

nature, bats and dolphins use ultrasound waves for orientation.

There are several known types of wave forms. The two most common are longitudinal
and transversal waves. For longitudinal waves, the displacement of particles occurs in

the same direction as the wave propagation (Figure 5).

wave propagation
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Figure 5: Propagation of a longitudinal wave.

This type of wave is related to a local change of pressure and density. These changes
cause resetting forces that are needed so that the particles vibrate back to their equilib-
rium position. For transversal waves, particles oscillate transversally to the direction of
wave propagation (Figure 6) and therefore do not cause a local change of density or

pressure. As a result, transversal waves cannot propagate in liquids or gases because
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resetting forces are not present. In solids, however, resetting forces are present be-

cause of solid bindings.

wave propagation

I oscillation

Figure 6: Propagation of a transversal wave.

ACU inspection in this study is performed in through-transmission mode, at normal in-
cidence, and at a frequency of 450 kHz. Therefore, the focus in this chapter is on inci-
dent waves, on longitudinal wave propagation in liquids and in air, and on reflection as

well as on transmission of waves at acoustical boundaries.

The starting place to describe sound wave propagation by particle vibration is the bind-
ing media through which the waves propagate. The curve of the energetic potential of
an atom (ion) plotted against the distance (radius r) of a neighbouring atom (ion) is

shown in Figure 7.
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Figure 7: Principal potential energy curve of particles.

The potential energy curve E =J'(Fr +Fa)dr is the integral of the sum of two types of

forces that interact with each other [51,52]. The first type is repulsive forces (F, ~ r ')
that are caused when electron shells are deformed due to compression. The second
type is attractive forces (F, ~ r °) caused by either covalent bonding forces, by Cou-

lomb forces of ions, or by dipole interaction (van der Waals forces). The minimum of
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the potential energy curve is the binding energy Ug between two particles ranging be-
tween

¢ 0.01 eV/atom - 0.2 eV/atom for van der Waals bonding,

¢ 1 eV/atom - 7 eV/atom for covalent bonds,

¢ 1 eV/atom - 8 eV/atom metallic bonds, and

e 3 eV/atom - 15 eV/atom for ionic (electrostatic) bonds.
As values become higher, the curve of the potential energy becomes narrower. As a
result, it is easier to deform materials along the direction of dipole forces than along the
direction of ionic binding. The deformation modulus (e.g. Young’'s modulus or bulk
modulus of elasticity) is a factor of the force with which a medium responds to deforma-
tion, is proportional to the second derivative of the potential energy curve, and therefore
proportional to its curvature. In general, repulsive forces have a shorter effect over dis-
tance than attractive forces so that the resulting potential energy curve is not symmetri-
cal. The value of rp is the equilibrium distance (radius). For small oscillations (elastic
deformation and linear behaviour) about the potential minimum ry, the run of the curve
can be approximated by a parabolic curve. For higher displacements u the oscillation
becomes non-symmetrical because of the run of the potential curve. This leads to a
non-linear behaviour of the media. Because of existing coupling among particles, parti-
cles next to the displacement u also oscillate but with a time delay. Thus, a wave is
able to propagate. Wave propagation in general is accompanied with changes of den-

sity p, pressure p, particle displacement u, and particle velocity v.

2.1 Fundamentals of elastic theory

The propagation of waves in different kinds of media (only continua are considered) is
accompanied by a periodic displacement of particles u of this media out of their equilib-
rium and by elastic forces. To describe wave propagation by elastic theory, the particle
is regarded as an infinitesimally small volume element (including a number of atoms)
which is considered to be homogeneous. In the regular stage, the particles are in their

equilibrium which is caused by inner molecular forces. The position is described by the
vectorr. The displacement of a particle (or volume element) out of its equilibrium is

expressed by the vectoru . The descriptions are based on infinitesimally small deforma-

tions and linear behaviour. These estimates are possible because the deformation



LINEAR ACOUSTICS 35

caused by ultrasound wave propagation is considered to be infinitesimally small in the

first approximation.

The three-dimensional deformation of an infinitesimally small volume element is de-

scribed by the strain tensor

1{ Ou; Ou
&g (X1,X7,x3) :E(axl +a—xk
k i

j@k=123) (2-1)

The tensor gy is symmetrical and therefore a transposition to the principal strain axis is

feasible. Than all shear components are 0 and one obtains
& = &0y (Lk=12.3), (2-2)

in which d represents the Kronecker Symbol (o= 1 for i = k and 6y = 0 for i = k).

If a volume element which has edges parallel to the principal axis is deformed, the an-

gles between the edges do not change while the length of each edge changes to 1+

€11, 1+ €, and 1+ g33. Therefore, the volume change becomes

_ dv —dv, _ dv - I+ &)+ &)+ &33)dxydxydxy
dv, dVv, dxydx,dx

C
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If the non-linear terms are neglected (for infinitesimally small deformation) the change
of volume can be expressed as
®z1+811+822 +533—1 (2-4)

®:€11 +€22 +€33 (2-5)

0= Cuy + Oy + Ou =divu . (2-6)
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As a result, the equation of continuity can be written as

d—® =divv. (2-7)
dt
The vector
_ du
V = — 2'8
7 (2-8)

describes the velocity (time derivative of the displacement u) of the infinitesimally
small volume element. Velocity v and displacement u are both dependent on position

and time.
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Inside a non-deformed body, all mechanical forces are in equilibrium with each other.

Thus, the sum of all forces of one volume element is 0 and does not have an effect on

the surrounding volume elements. As a result of deformation and because of intermo-

lecular forces, elastic tensions arise. The symmetrical second-order stress tensor
(Figure 8)

011 %12 013

Ok (X1,X,X3) =| 031 Oy 023
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(2-9)

characterizes the entire stress state of a body element at x4, xo, x3. By a coordinate
transformation the shear stresses vanish, so that in the new coordinates one obtains
only diagonal elements
o0 (Lk=1,273).
e (2-10)

Zy

y
Figure 8: Stresses and their directions affecting a volume element.

If the sum of the force vectors at a volume element is not equal to zero, then the forces
are not compensated and the volume element (particle) is accelerated reciprocally to
its mass. This leads to the equation of motion in acoustics
5Gik dvl' .
— = —_—, l’k :1,2,3 2_11
ka r dt ( )
which describes the general changes of tension along the axis with the acceleration dv;

/dt. The acceleration in equation (2-11) can be expressed by

dv; i i -
= + v, Lk=123. -
dt ot ox, (2-12)

The first term illustrates the change of particle velocity depending on time in a given
volume because of forces. The second term represents the change of particle velocity

as a result of the displacement of particles in the neighbourhood. For infinitesimally
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small displacements and for small velocities, the second term can be ignored. The cur-
rent density (functions of position and time)

p=po+Ap (2-13)
of the accelerated medium is the sum of the equilibrium density p, and the change of
density caused by deformation Ap (x4, X2, X3, t) . For infinitesimally small deformations,
pcan be estimated by p,. Taking all of these simplifications into account, the equation
of motion (2-11) becomes

ik _ p, aavt,. , Lk=123. (2-14)

Oxy,
This formula is strictly correct only for infinitesimally small deformations (amplitudes).
For finite amplitudes, the non-linear terms must be considered (section 3.1.1).
Both deformation and tension have a linear dependence on each other for small values
(Hooke’s law)

c,=C,ném n,m=12734,5,6 (2-15)

in which Cpn, is originally a fourth-rank tensor transformed into 2-indices notation. Due
to the symmetry of the £ and o tensors, this tensor is symmetrical as well. For isotropic
media, the coefficients depend only on the two Lamé coefficients 4, and p;:

1
Cip=Ci3=Cp3 =4y, Cygq=Cs5=Cg ZE(CM ~Cip)=pp,

(2-16)
Ci1=Cp=Cs3 =47 +24;.
Therefore, Hooke’s law for isotropic media is
O =Ap(&11 +Ex +E33)0y +2up ey, 1,k=123. (2-17)

2.2 Wave propagation in liquids and gases

In this section the wave propagation in liquids and gases is explained which is impor-
tant to understand because ultrasound inspection is often performed with liquid or air
as coupling media. Both media show elasticity of volume but not of shape so that no
shear waves exist and tensions (pressures) are always normal on the surface. Com-
pression of these media is feasible, however, so that longitudinal (compression) waves
can propagate through liquids and air. Therefore, the motion of particles is in a certain

direction and is free of rotation, expressed by
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rotv=_0. (2-18)

2.2.1 Hydrodynamic equations

The equations of motion (2-11) and (2-14) are solved for liquids and gases by using the
stress tensor (equation (2-9) for all-round pressure: o, =—pd, ) and can be rewritten
as

op ov; ov
———08, =p,—~orVp=p, — -
axk ik = Po ot P=Po ot ‘ (2 19)

The minus sign is needed to represent positive pressure conditions.

The equation (2-18), which shows that no rotation is possible in the absence of shears,

indicates

6v1 _ 6V2 _ 8\/2 _ 8\/3 _ 6\/3 _ 6v1

= =0 -
8x2 8x1 8x3 8X2 8x1 8X3 (2 20)

and allows the definition of a scalar function ¢ (xs, x2, x3, t) (“potential of velocity”;

according to the potential energy term) which equals

V=-Vgp. (2-21)
As a result, the components of the vector of the particle velocity can be expressed as
0
y, =—2 (2-22)
! 5xl-

By substituting the particle velocity v by its potential ¢, the equation of motion (2-8) be-

comes
0 op op
Vp = —(V =V — = p = _—. 2-23
p=poo (Ve)=Vip) === p=p,— (2-23)
The continuity equation (2-7) for liquids and gases (air) becomes
~ L9 vy = —div (Vo)=—-Agp (2-24)
Py Ot _

2.2.2 Equation of state for liquids and gases

The equation of state for liquids and gases can be developed from the following con-

siderations: Hooke’s law for the compression of ideal liquids and gases is
p=P-F=K-s. (2-25)
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The letter P denotes the actual pressure at a certain point because of compression, Py

the equilibrium pressure, K is the bulk modulus of elasticity, and s the ratio of A—p. The
Po

linear dependence of pressure and density is valid only for infinitesimally small
changes. In general, the dependence is not linear and is given by:

P=P(p). (2-26)
The actual density p is the sum out of the equilibrium density p, and the change of
density Ap. In most practical cases, the change of density is very small in comparison
to the equilibrium density (4p <<py) so that the equation (2-26) can be approximated by

Taylor's series

1( d, 1(d?
P=F, +F(d_pj Ap+5£—§j A,o2 +... . (2-27)
N P=p0 \dp £P=p0
orwith s = ap
Po
1{dp 1 dzp 2
P=R=417, PoStol 2 (g -5)" +..... (2-28)
NEP p=py NG p=py
The first (linear) term in (2-28) includes the linear bulk modulus
d
K =(d—pJ Po (2-29)
P p=po

and the second term includes the non-linear bulk modulus B.

Again for small compressions, the terms of higher order can be neglected and the

equation of state is written as

d
P~Py+ (d—pj Ap (2-30)
P p=py
and
d
p=P—PozPo(d—pj s=K-s (2-31)
P p=py

This linear equation is also another form of Hooke’s law.

Wave propagation is considered to be an adiabatic process because changes take

place quickly so that no heat flows out of or into the system. In describing an adiabatic
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process, the first law of thermodynamics, which expresses the internal energy change
(dU) as the sum of the change of heat (dQ) and the change of work (dW = - p- dV),
may be considered [53]

dU =dQ +dW =dQ—p-dV 232)

For an adiabatic process in which dQ equals zero and the change of internal energy is
dU = n-cvdT, (2-33)
that the first law of thermodynamics becomes
n-c,dl =—p-dV (2-34)
in which ¢, is the molar specific heat capacity of an ideal gas at constant volume and n

is the number of moles. For an ideal gas, the pressure p can be substituted by the ideal

gas equation of state

nRT
= , 2-35
P== (2-35)
with the universal gas constant
“p
R:cp—cv,and 7:C— (2-36)

v

As the ratio of specific heats y (¢, = specific heat capacity of an ideal gas at constant

pressure), one obtains, after several rearrangements and integration,
PV7 = RV =constant. (2-37)

This law of Poisson can be also written as

Y e
EZ(K] :(ﬁj _ (2-38)
R\ Po

Thus, equation (2-29) becomes

dp

Kua = (—j po=7"F (2-39)
dp P=P0 .

As a result, the “stiffness” of gas during an adiabatic compression is j~times higher
than during an isotherm compression. This factor must be considered for wave propa-
gation through gas. For liquids, it is not possible to derive an equation of state. In anal-
ogy to (2-38), though, empirical tests found the TAIT-equation for liquids [53]
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e
R\ £

The value of n is an empirical parameter that describes the non-linear elastic behaviour

of liquids.

2.3 Wave equation for plane wave propagation

The equation of motion (2-23), the equation of continuity (2-24), and the equation of
state (2-31) together provide a system to calculate the three acoustical parameters p,

p, and ¢. The density is a function of pressure and therefore the derivative equals

8_,0: 8_p (a—pj (2-41)
ot op )\ ot
The derivative
op 0%
it S (2-42)
o 0%

can be evaluated by differentiating the equation of motion. Inserting (2-41) and (2-42)
into (2-24) we obtain

1 82¢
Ap=—"2 2-43)
cg or? (
in which
d, K
co = (d—pJ = |~ (2-44)
P/ p=py Ao

is the sound velocity of the propagating wave.

For a one-dimensional plane wave, the potential of the velocity is dependent on posi-

tion x and time t, which leads to the wave equation for plane waves

82g0 1 82(p
= . 2-45
o’ cg o’ (2:49)
The solution of (2-45) is given by
o), e 9

(D(X, t) = Pmax€ = Pmax€
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or ¢(x,t)=¢@,,, sin 27{ fi —Ej =0, sin(a)t - kx) (2-47)
Co
under consideration that the initial phase angle equals 0 and only the wave in positive

direction is expressed, with the angular frequency

=2nf (2-48)
and with the wave number
2 2z
polH 27 (2-49)
CO ﬂ

At x = const., the phase angle varies between 0 and 2 = within the time T =" and for ¢
= const. the phase shift of 2 & takes place within the distance x = co/f = 4 (wave length).
Similar solutions can be given for the other variable acoustic parameter like particle

displacement, density, pressure, or particle velocity to express the wave propagation.

On its way, the wave undergoes sound attenuation so that the acoustical parameters

are decreased along the propagating path. The reasons for attenuation are:

e reflection at boundaries (major effect for ultrasound inspection technique; sections
2.4 and 2.5),
e absorption (irreversible and reversible transformation of sound energy into other
energy forms, described briefly in section 2.7),
¢ scattering at small heterogeneities (described very briefly in section 2.7), and
e diffraction (not described, because the lateral size of the plate is regarded as la-

ger than the wave length).

2.4 Reflection and transmission of waves at a plane boundary

What happens if a wave hits the boundary between two media with different physical
properties? Depending on the angle of incidence and the characteristics of the media,

the wave is either

o totally reflected or partly reflected and refracted/transmitted, and/or
e probably split into a longitudinal and a transversal wave if at least the second

medium is solid.
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In this work, the focus is on wave beams with normal incidence to the boundaries be-
cause, as will be shown in the following chapters, measurements are performed in
through-transmission technique with normal sound incidence. Therefore, only longitu-
dinal waves are considered because shear waves are generated only by abnormal an-

gles of incidence interaction at boundaries.

The basic consideration for the interaction between wave and boundary can be ex-

pressed as follows:

The particle velocity
dp
v(x,t) = r = k@ ax COS(@t — kx) = v, cos(wt —kx) (2-50)
X

for the incident wave is calculated from equations (2-22) and (2-47). Furthermore, the
potential of the particle velocity ¢ is derived with respect to time and multiplied with the
density pp and becomes

P30 =2 g = POy COS(@ ~ ) = Py cO3(@t - k). (2-51)
Both equations are indicating that the particle velocity v(x,t) and the changes of pres-

sure p(x,t) for the incident wave are in phase with each other and are coupled by

p(x,t) = pocoV(X,t) = PoCoV o COS(X —kx) = p, . cos(wt —kx) . (2-52)

For a wave propagating in opposite direction (@(x,f)=¢,.. sin(a)t+kx); negative x-
direction) one obtains

p(x,t)= _pOCOV(xs )= ~P0€0Vmax cos(at — kx) = P0€0Vmax cos(t —kx + 77) (2-53)

and in this case p(x,t) and v(x,t) have opposite phase relation to each other. The term

Poco =2y (2-54)
represents the acoustic impedance Z, of a medium (similar to the electrical impedance)
and expresses in (2-52) as well as in (2-53) the degree of the particle velocity for given

pressure. The force caused by pressure that acts on a surface S equals
Fp = VpoCOS . (2-55)
In general, the relation between p(x,f) and v(x,t) in a region where waves are propagat-

ing in positive and negative x- direction and are superimposing is characterized by the

complex number
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i(wt—kx) (wrt+kx)

7 p(x,t) _ e py

wnt) PO k) _ itk (2-56)

where the imaginary term illustrates the phase shift between p (x,t) and v (x,t).

It is now possible to return to monochromatic plane wave propagating along the x-

coordinate shown in Figure 9 and discuss its reflection and transmission at acoustic

boundaries.
incident wave medium 1
p;l: v, Z, = psCy
reflected wave
pr II' VI'
o x= acoustic boundary _

4 transmitted wave

p; I v,

X medium 2
Z, = p,C,

Figure 9: Reflection and transmission of a plane wave at normal incidence at an
acoustic boundary of two media with different physical properties.

Medium 1 is characterised by the sound velocity ¢4, and by the density p;, the incident
wave by the pressure p;, and the particle velocity vi. The wave reflected at the acoustic
boundary is described by the pressure p,, and the particle velocity v,. Medium 2 and the
transmitted wave are described correspondingly by ¢, o2, p;, V. The incident wave hits
the boundary and causes harmonic oscillation of the particles on the boundary. The
oscillating particles generate two waves that are propagating in opposite directions, the
reflected wave and the transmitted wave. At the boundary, the sum of the particle
velocities v of the incident wave and the reflected wave must equal the particle velocity
of the transmitted ultrasound wave. In addition, because of the balance of the forces,
the sum of the pressures of the incident wave and the reflected wave must equal the
pressure of the transmitted ultrasound wave. Furthermore, the conservation of energy
(I, I, I) must be considered. These considerations lead to the following boundary

conditions at x = 0 [54]:
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v, +v,. =V,
pPi+pr=pi| (2-57)
L-1,=1, | _,

The correlation between the pressure and the particle velocity of the incident wave, the

reflected wave, and the transmitted wave is given by

Pi = P16V
Pr =P1C1Vy - (2-58)
P = P2CrVy

By combining equations (2-58) and (2-54), the equation (2-57) becomes
vi+v, =V
[ r t (2_59)

vl-Zl —V,,.Zl = Vt22 =0

Substituting the particle velocities v in (2-57) by (2-58) and (2-54) leads to an analogue

expression for the pressure

Pi _Pr _ Pt

Z, Z, Z,| . (2-60)

PitPr="Pt |,
The ratio of the reflected wave to the values of the incident wave (reflection coefficient
R) is related to the ratio of pressures (R,), to the ratio of particle velocities (Ry), and to
the ratio of energies (R)). Correspondingly, the transmission coefficient (T,, T,, T)) is the
ratio of the values of the transmitted wave to the values of the incident wave. The coef-
ficients are calculated using (2-57), (2-59), and (2-60)

R, _Pr =4

pi Za+Z
R :V_V:_M
Yoy, Zy+ 7,

. (2-61)

Tp:&: 2Z,

pi Zy+Z
T, :v_f:i

v, Zy,+Z,

These ratios are valid at all times for all values of pressure and particle velocities of the

wave. By definition, the amplitude reflection coefficient is
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R, _|®rmax|_|Prmax|_|Vemax| |21 22|. (2-62)
‘(ozma ‘ ‘sza ‘ ‘zma ‘ ‘ +ZZ‘

The energy reflection coefficient is

2
R =L R = Z-2, (2-63)
I, Z,+7,
because the energy of a wave is proportional to the square of the pressure
2 -
I~ p?. (2-64)
The transmission coefficient
1 47,7 2-65
T, =-"Lt=1-R, = +22 ( )
L; (2, +2))

results from the conservation of energy (2-57) [55].

The significance of the different ratios can be illustrated with an example in which an

ultrasound wave is transmitted from a piezo-electric ceramic (Z; = 33+10° kg/m?3s)

e intowater (Z;=1.5%10° kg/m?s) and
e intoair  (Z2=0.00043x10° kg/m?3s).

The calculated coefficients are given in Table 2. The reflection coefficient for the pres-
sure amplitude R, and for the particle velocity R, always have a phase shift of 180° to
each other, independent of the Z;/Z,-ratio. If Z+/Z> > 1 (shown in Table 2), the pressure
amplitude of the reflected wave is 180°-phase shifted with respect to the incident wave.
By comparison, there is no phase shift between ratios of the particle velocities for the
incident and the reflected wave. With increasing Z:/Z, the absolute values of R,, R,
and R, approach 1. As a result, in the case of the solid-to-air boundary, approximately
99.99 % of the incident wave is reflected. Both the transmission coefficients T, and T,
indicate that the pressure amplitude and the particle velocity of the transmitted wave
are in phase with each other and in phase with the incident wave. Their values are de-
pendent on whether the wave is transmitted from an “acoustical hard” medium into an

“acoustical soft” medium (Z+/Z> >> 1) or vice versa (Z+/Z; <<1).
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coefficients piezo-electric ceramic and water | piezo-electric ceramic and air
Z4/Zy =22 Z4/Z,=T76744
Ro -0.91 -0.99997
R, 0.91 0.99997
R, 0.91 0.99997
Tp 0.09 0.00003
T, 1.91 1.99997
T, 0.09 0.00003
R 0.83 0.99995
T 0.17 0.00005

Table 2: Calculated reflection and transmission coefficients for an elastic wave
propagation from piezo-electric ceramic into water (second column) or air (third col-
umn).

If the wave is transmitted from the piezo ceramic into air, the value of the pressure am-
plitude is negligible (0.003 %), while the amplitude of the particle velocity is doubled.
Also, only 0.005 % of the sound energy of the incident wave is transmitted from piezo
ceramic into air. When piezo ceramics receive ultrasound from air (transmission from
air into piezo ceramic; Zy/Z, << 1), it is interesting to note that the pressure amplitude is

nearly doubled.

For ultrasound measurements using reflection and through-transmission techniques it
is useful to calculate and to compare the transmission coefficients for pressure ampli-
tude T, and for energy T, at water-to-sample and air-to-sample boundaries. The calcu-

lated coefficients for a CFRP-sample are given in Table 3.

boundary
coeffi- water-to-CFRP air-to-CFRP CFRP-to-water CFRP-to-air
cients
T, 1.5 2.0 0.5 210"
T, 0.75 4*10™ 0.75 4*10™

Table 3: Transmission coefficients for pressure amplitude T, and for energy T, at wa-
ter-to-CFRP, air-to-CFRP, CFRP-to-water, and CFRP-to-air boundaries. The acousti-
cal impedances used are Zyawer: 1.5*10° kg/m®s, Zai: 0.00043*10° kg/m3s, and Zcrrp:
4.5*10° kg/m?s.

In the case of the water-to-CFRP boundary, the pressure amplitude T, is increased by
150% while at the air-to-CFRP interface, it is doubled. By contrast, at the CFRP-to-
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water boundary the pressure amplitude is halved and the resulting pressure amplitude
of a wave travelling from CFRP into air is almost negligible. The transmission coeffi-
cients of energy T, are independent of the direction the wave is propagating, whether
from CFRP into water, or into air, or vice versa. With water as the surrounding medium,
the loss is 25% while with air it is 99.96%.

The values of the different coefficients (Table 2,Table 3) show that it is much more effi-
cient to perform measurements in a water bath than in air. For measurements through
air, the huge impedance mismatch between solid and air must be reduced. This can be
achieved either by using a matching layer between solid and the surrounding medium
(section 2.6) or by reducing the impedance (density and sound velocity) of the piezo

ceramic (section 5.2).

2.5 Transmission of a normal incident wave through a plate

In the section above, the transmission coefficients of a wave passing a single boundary
was briefly explained. In this section the transmission of an ultrasound wave passing
through a plate is described in more detail. A wave passing through a plate is reflected
several times at the two inner surfaces (multi reflection). These reflected waves interact
with each other and with the transmitted wave. Thus, at certain ratios of thickness d
and wave length 4 the sound pressure p is either increased or decreased at the
boundaries and therefore the transmission and reflection coefficients have either a

maximum or a minimum value.

The acoustic impedance of the surrounding medium is given by Z; = p,-¢; and the

acoustic impedance of the plate by Z = p - ¢ (Figure 10).
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Z, (surrounding medium)

¢i1 ¢r 1

Ds3

Figure 10: Wave propagation through a plate.

The wave propagates at normal incidence along the x-coordinate. The first boundary is
at x = 0 and the second at x = d (d: thickness of the plate). Each boundary is a source
of a reflected and of a transmitted wave. The wave equation for the normal incident

longitudinal wave that hits the first boundary is [54]

o (D) =gy e (orx), (2-66)
for the wave reflected at the first boundary at x =0

0y (5.1) = 9y ), (2:67)
and for the wave transmitted through the first boundary

0, (=0, =g, (2-68)
At the second acoustic boundary the transmitted wave is again reflected

0ry (60) =y R (2:69)
and transmitted

@3 (x,0) = ¢z3maxei(‘”t_k1")- (2-70)

As shown in section 2.4, the boundary condition must be steady for pressure, for the
particle velocity, and for the potential of the velocity. As a result, the velocity potentials
atx=0are

p1-(0n+91)= P (P + 9,2

. 2-71
kl '(Q)il —¢r1):k'(¢t2 _¢r2) x=0 ( )
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The potentials at x = 0 become

o (0,) = g, ") etc. (2-72)
At the second boundary at x = d, the potentials differ from the previous ones by the
factors %9 and o (*h1d).

'O[(pﬂ 0)-e ™ +¢,5(0)- ™ ] = p1 - 03(0)- e
ky [cotz 0)-e ™ — g, (0)-e™ ]: ki - 0,3(0) - ¢ 14

After eliminating the potentials ¢ and ¢ in equations (2-71) and (2-73), the total

(2-73)

x=d

reflection coefficient for pressure equals

R _ P _ kip  kp
Protal ~— ?il - f f 2 ’ (2-74)
{pl+l’0} +4cot2(d-k)
kip  kpy
This equation can be rewritten considering the acoustical impedances
ko _2aper 2 gg ke 2 _ (2-75)
ko 2nfpc Z kpy 2,
and equals
1
——-m
R — (0}"1 — m .
P total 0; 2 (2-76)
il 1 5
\/(+ m] +4cot”(d - k)
m
The energy reflection coefficient according to Rayleigh [55]
2 2
(1—171) l(m—lj sin’(d - k)
R _( )2 B m 4 m
Ttotal — \""Diopal ) — B (2'77)

1 2 1 1)
(+mj +4cot?(d -k) l+(m—j sin?(d - k
m 4 m

is the second power of the pressure reflection coefficient R, and the energy transmis-

sion coefficient is
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4m?
Tltotalzl_(RP 1)2: -
T am? cos?(d k) + (m? +1f sin(d k)
1 : (2-78)
- 2
1+ 1(m - 1) sinz(d k)
4 m
Therefore, the ratio Ry totar/T) totar bECOMES
2
R
Ltotal _ {l(m - ij sin(kd)} . (2-79)
Tltotal 2 m

It can be seen that equations (2-77), (2-78), and (2-79) do not change if m is replaced
by 1/m. As a result, it makes no difference whether the wave propagates from a me-
dium with high impedance into a medium with low impedance or visa versa. The valid-
ity of these equations evaluated by Rayleigh was proved by Boyle measuring plates

made out of different types of metals [56].

The dependence of the total energy transmission coefficient Ty, On the sample thick-

ness d is calculated for a CFRP-plate (1) in water and (2) in air, at a given frequency of
450 kHz to examine the dependence of the transmission coefficient T for measure-
ments in through-transmission technique. The results are shown in Figure 11 and in
Figure 12. For dk = nz, the term cot? (d-k) = « (equation (2-76)) and as a result Ro =R
= 0. Thus, for

4 M CIN (2-80)
A2

the transmission coefficient T, = 1 and the entire wave is transmitted through the plate

without reflection. Alternatively, for

4_Cnt). o i, (2-81)
A 4

the term cof’ (dk) = 0 and as a result the reflection coefficients reach their maximum

absolute value for a given Z,/Z-ratio.
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d/a
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After some rearrangements, the energy reflection coefficient becomes

0
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Total transmis-
sion coefficient
as a function of
thickness and

d/A with
A=6.67 mm;
f=450 kHz

for water and air
as surrounding
media and

a CFRP-plate

(c =3 km/s).

Figure 12:
Total transmis-
sion coefficient
as a function of
thickness and

a/A with
A=6.67 mm;
f=450 kHz

for air as sur-
rounding me-
dium and

a CFRP-plate
(c =3 km/s).

(2-82)

for its maximum value. Under the same boundary conditions, the energy transmission

coefficient reaches its minimum value
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53

Timintotal =

2
m

The values of the coefficients are listed in Table 4.

(2-83)

plate
CFRP
(Z=4.5%10° kg/m?3s)

surrounding medium
water
(Z1=1.5%10° kg/m?3s)

surrounding medium
air

(Z; = 0.00043%10° kg/m?s)

total energy reflection

0.64

0.99999996

coefficient R max tota

total energy transmission
0.36 0.00000004

coefficient T} min total

Table 4: Calculated coefficients from equations (2-82) and (2-83).

The minimum of the total energy transmission coefficient is 0.36 for water while the
value for air is seven orders of magnitude smaller. Thus, almost no energy is transmit-
ted from the air into a CFRP-plate and transmitted back into the air. With water as a
surrounding medium, the curve is much smoother than for air. The area in which the
transmission coefficient is close to the minimum is also much smaller than for air. With
air as a surrounding medium, there is only an extremely small and sharp peak for high
transmission values. This huge contrast between the behaviour in water and air is
shown in Figure 11 in which the scaling was chosen in order to reveal both curves en-
tirely. The curve for air appears like a delta-function because of this scaling. This ap-
pearance is caused by the small absolute changes of the values for air. A graph with
an enlarged ordinate is displayed in Figure 13 which shows the values for air coupling

close to zero.

2.6 Matching layer

The transmission coefficient of two media (e.g. piezo-electric ceramic Z,. and air Z,)
with highly different acoustic impedances can be reduced by using a matching layer

(thickness d). This is done by an interface placed between the two media. Thus, the
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wave passes two acoustic boundaries of three media with three different acoustic

impedances (Figure 13).

piezo ceramic element
matching layer

surrounding medium (air)

) 4
wave
propagation

Figure 13: Impedance matching layer between piezo-electric ceramic and air to in-
crease the transmission coefficient between solid and air.

The total energy transmission coefficient is given by [54,57]

47, -2,

Vo = z (2. V z .\ | 2-84
a 41 —["J—l- Sl 1. sin? kd (2-84)
ch Zml ch

If A << d and as a result kd << 1 (k: wave number of the matching layer; 1: wave length

inside the matching layer) or sin kd = 0 (kd = nz; n € INp), this equation equals the
equation for the energy transmission coefficient for two media (2-65). In this case, the
transmission coefficient for the three media is not dependent on the acoustic imped-
ance of the matching layer. Another and more interesting case is if sin kd = 1. This is
true for d = (2n + 1) A/4 so that the initial and the reflected waves are out of phase
by A/2 which corresponds to opposite sign of the wave. Such layers with a thickness of
A/4 are commonly used in optics for antireflection coating of lenses. Because the ideal
thickness depends on 4, the matching layer is only suitable for one specific frequency.
For sin kd = 1 the equation (2-84) can be written as
4-Zye"Z,

.

Z -7 2-85

Zi{H v ;J (2-85)
(Zml)

The transmission coefficient T; .., becomes 1 and the elastic wave is transmitted with-

I tota]

out any losses from the piezo electric ceramic into air for

Zot =AZ e Zy - (2-86)

Therefore, the reflection coefficients must be equal for the two boundaries:
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!

R R (2-87)

pelml =8mi/a -
The value of Z,, would ideally be 0.12%10° kg/m2s. Unfortunately, a material that has
such an acoustic impedance does not exist. As a consequence, efforts are being made
to develop porous soft rubber materials (e.g. silicone rubber with air bubbles Z =
0.0084%10° kg/m?s — 0.0835+10° kg/m?s) to use as a matching layer for piezo-electric

ceramic ultrasound transducers [58,59,60,61].

2.7 Acoustical attenuation

During the propagation of a wave inside a medium, the amplitude of the variable
acoustic parameters decreases exponentially (reflection is not considered) due to inter-

nal effects along its path by
Vimax (X) = Vmax e ™ (2-88)

with the attenuation coefficient . Also the intensity of a wave is reduced by

-2
Imax (x) = Imaxo e ", (2-89)
Thus, the relation (2-54) can be rewritten with the particle velocity v and equation (2-88)
V(X,1) = Vinax, o @ pilor-hx) (2-90)

2.7.1 Sound attenuation in gases and liquids

The sound attenuation in gases and liquids « (f) = o (f)+ o (f) + as is caused primarily

by inner friction effects. According to Stokes [62], the first portion of the attenuation

coefficient equals

_87%n
327

87’y

T2 03
3 €0Po

f* (2-91)

7

is proportional to the second power of the frequency, and in which 7is the coefficient
for inner friction (viscosity). The second term ¢ that affects the sound attenuation is
caused by the thermal conductivity of the medium in which the wave is propagating. In
section 2.2.2, the propagation is considered to be an adiabatic process (no heat flow).
Whenever a compression of volume elements occurs, though, these elements are

heated. Thus, because of the thermal conductivity with the surrounding elements, heat
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flow takes place. This irreversible process leads to a decrease of the amplitude. This
portion is expressed by [63]
2 272 y—1

27% -
_2n"y 1/1 _ 27"
27 ¢,

3
coPo Cp

with the coefficient of the thermal conductivity A,. By using the expressions given in

a h An (2-92)

section 2.2.2 equation (2-92) can be rewritten and becomes [64]

3 27[200ﬁ,hTa§x

a— (2-93)
A Po WCp

a

with the thermal extension coefficient as,. The third term «g considers the heat radia-
tion as a portion of the attenuation coefficient [65]
1 y-1

Ay == —q (2-94)
2co ¥
with the cooling coefficient q. This effect is so minor that it does not need to be consid-

ered (amplitude is decreased by -6 dB at a distance of 140 km).

Both the attenuations caused by inner friction and by thermal conductivity are propor-
tional to the square of the frequency and the values are listed in tables divided by the
second power of the frequency. The theoretical and the measured values for air and

water are shown in Table 5.

(e F2)*10"7 | (ay/F?)*10"7 theoretical value measured value
(a/f?)x10"= (a/f?)x10"
media [(cr/ )+
+ (ey/ F?)]+10"
[s?/cm] [s?/cm] [s%/cm] [s?/cm]
water 8.5 0.0064 8.5064 ~ 8.5 25
air 0.000087 0.000037 0.000124 0.000199

Table 5: Theoretical and measured values of the wave attenuation coefficients for
water and air.

From this table, several conclusions can be drawn:

e In water (and in liquids in general) the absorption caused by thermal conductivity

is much lower than the term for inner friction. Thus, this term is often ignored.
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e In air (and in gases in general) the absorption coefficient is lower than in water
and the absorption caused by thermal conductivity can not be ignored because it
is about 1/3 of the value for absorption caused by friction.

e The values measured for absorption in air and especially in water are much
higher than the theoretical values. The reason is that many types of molecular
processes occur, such as vibration of molecules, rotation of molecules, translation
of molecules, and various types of relaxation processes. These processes are
taken into account by Kneser [66,67,68] and the measured values can be proved

by his considerations.

The distance a wave (frequency: 450 kHz) travels in water and air before its amplitudes

are decreased to 1/e is given in Table 6.

calculated with the calculated with the
theoretical value measured value
X1/6 in water [cm] 581000 (= 5.81%10° mm) | 197500 (= 1.98+10% mm)
X1/ iN air [cm] 40 (= 400 mm) 25 (= 250 mm)

Table 6: Distance x4 after which the sound amplitude is reduced to 1/e because of
attenuation in water and in air (frequency: 450 kHz).

For air-coupled ultrasound inspection, it is interesting to notice that if the focal length of
a transducer is only a few centimetres, the sound attenuation in air does not play an

important role.

2.7.2 Sound attenuation and scattering in solids

Sound attenuation and scattering in solids are the energy-loss mechanisms of interest
to characterize engineering materials. Absorption losses from material damping, re-
laxation, thermoplastic effects, and anelastic hysteresis are intrinsic (absorption)
mechanisms related to the material properties (elastic properties, density). Diffusion
scattering losses, stochastic (phase) scattering losses, and Rayleigh scattering losses,
however, are extrinsic mechanisms related to small “heterogeneities” like fibres and

pores.

In solids, wave propagation is linked to an elastic deformation of a body (vibration of

particles; section 2.1) and because of inner damping (stress-strain damping) the acous-
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tic energy is converted to heat (hysteresis losses). For hysteresis, the loss factor is
[62]:

Eh(f)=8?ﬁ%77'f=>8h~f- (2-99)

Thus, the loss due to hysteresis is dependent on the Poisson's number g, the Young’s
modulus E, and friction 7, and has a first power frequency dependence. The absorption
coefficient presented in equation (2-88) and the loss factor &, are related to each other

according to [69]

. 82t (l+p) o 2
a=—¢&,=————°7- = o~ . 2-96
25 E n-f S (2-96)

Like in gases and liquids, thermodynamic losses arise because travelling waves are
accompanied by heat flow from compression to dilatation regions (a ~ f ? equation
(2-92)). In solids, viscous losses (« ~ f ? equation (2-91)) are small and are in general

negligible.

In most cases, scattering occurs because of additional boundaries like grain bounda-
ries in metals, pores in ceramics, and fibres in reinforced polymers. Each boundary
serves as a reflector that emits its own reflected and scattered signal. Also multi scat-
tering is possible. As a result, the amplitude of the ultrasound wave is reduced. Com-
pared to metals, composites have higher sound attenuation in general because of their
heterogeneous nature and properties. The attenuation caused by scattering is also a
function of the frequency f and of mean scatterer size &. In general there are three

scatter processes known that are defined by value of k& [50,70,71]:

o for ki <<1 the scattering process is proportional to f * (Rayleigh scattering),
o for kd ~ 1 the scattering process is proportional to f ? (stochastic (phase) scat-
tering) and,

o for k& >> 1 the scattering process is proportional to 1/a (diffusion scattering).

The theories used to describe the scattering processes usually consider ensembles of

scattering centres embedded in featureless continua and non-compressible spheres.

Thus, along its propagation path a wave undergoes all sorts of attenuation processes
like reflection (independent from distance), sound absorption in different media, and

wave scattering. The total attenuation coefficient is therefore a combined expression
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which includes a sum of different coefficients. As a result, in ultrasound inspection the
wave amplitude is changing. These variations of amplitude are displayed in images to

display potential defects (section 4.4).

2.8 Focusing of ultrasound beams

For non-destructive testing, it is of great importance to localize defects. Therefore, fo-
cusing of the ultrasound beams to obtain a defined focal spot and to increase the in-
tensity within this point is of interest. One of the options is forming the piezo ceramic

plate into a spherical convex shape (Figure 14).

a
;?h = R - (R2 - 32)7/2
1
/
fy
/ ( RZ - aZ) 1/2
A ,/
rf //
I R ya » X
/ \\‘ Y
v /’ \ / \\
/// \\\\
/ \
- / \
0d8 -6 dB
v I )
Z v
Z

Figure 14: Focusing of ultrasound beam.

The focal length f can be calculated by [72]
12

(khY* +12 (2-97)

Jr=R-

with the radius of curvature R, the aperture radius a, the wave number k and

h=R- \/R2 —a? . The relative distribution of the intensity along the focal plane shows
a circular diffraction pattern with maxima and minima in amplitude (side-loops) with a
maximum in the centre. The radius rr from the centre in which the maximum intensity is

reduced to half (-6 dB) around the focal point is given by [73]
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)
rp=0257 Jr (2-98)
a

The ratio of the value for air / water for a given frequency and for the same f;/a is the
ratio of the sound velocities in air and water and becomes

Pt 330m/s
ry 1490 m/ s
water

=022, (2-99)

Thus, the focal spot in air is 4.5 times smaller than in water and therefore the resolution
is 4.5 times better. Also along the z-direction, the focus has a finite extension (“focal
tube”; length: /). The distribution along the z-direction around the geometrical focal

point can be approximated by [74]
. 2 2
1(2) = Imax(sml ] with y=22| 2| . (2-100)
x 24\ f f

The intensity is decreased by 6 dB for y = +1.39 at z = 0.89- - (f;/a)>. The length of the

focal tube is twice of this characteristic distance and becomes

2
Iy = 1.81[f—fJ . (2-101)

a

Also the focal tube length is 4.5 shorter in air than in water. Furthermore, the maximum

sound intensity /2« at the geometrical focal point is

1 2 ﬂa2 ’
1 max Z(zj E_f j 1y (2-102)
f

where Iy is the initial sound intensity at the transducer [73]. The maximum intensity at

the focal point in air is 20 times higher than in water.
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3 Non-Linear Acoustics

In the sections above, the acoustic wave amplitude was regarded as being infinitesi-
mally small; the response of the materials is assumed to be linear to the excitation sig-
nal and to follow Hooke’s Law. This expectation is based on the linear elastic properties
of materials. As a result, the wave propagation with infinitesimally small displacements
u is described by:

Tu_gou (3-1)
ot ox
with the velocity of sound ¢ for an infinitesimal amplitude. This formula (3-1) is equiva-
lent to the equations shown in (2-14) and (2-45). The variable acoustic parameter ¢
(potential of the particle velocity) is replaced by the particle displacement u as a vari-

able acoustic parameter.

3.1 “Classical” non-linear acoustics

“Classical” non-linear behaviour (distortion of propagating waves) of media gases, lig-
uids, and solids is well discussed in the literature [75,76,77,78,79] and the major topics

are summarized in the following subsections.

3.1.1 “Classical” non-linear behaviour of gases and liquids

For finite displacement of particles u out of their equilibrium, the parabolic curve as-
sumption for small displacements (Figure 4) is not valid. Therefore, in order to express
the wave propagation the non-linear terms of the equation of motion, the equation of
continuity, and the equation of state (sections 2.2 and 2.3) must be considered. There-

fore, one obtains the non-linear equation of motion [80]

2 2 2
0u _ (ﬁ} (G_P)a_“ (3-2)
o> \po ) \Op)ox?

with static and dynamic densities pp and p respectively for a one-dimensional acoustic
wave propagating along the x-coordinate. In this case, the phase velocity ¢ is not con-
stant and depends on the two sources of non-linearity: density and pressure (the two

factors in the right hand side of (3-2)). The non-linear equation
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o%u ou 0%u
-—3-:c§{1—(y—1}——+n1——5, (3-3)
ot ox ox

with the amplitude-dependent phase velocity ¢ can be obtained from (3-2) by consider-

ing the continuity relation
ou
Po = p(l + —] , (3-4)
ox

Poisson’s law (2-38), and by retaining the quadratic terms in au/éx. Finally, the local

phase velocity ¢ with which each point of wave is propagating becomes

c=c +7/T+1v (3-5)

after substituting -Aw/cx by v/cy, keeping only the first two terms in the square brackets
of equation (3-3) because du/ox << 1, and expansion in series. Thus, the local phase
velocity ¢ depends on the local particle velocity v and furthermore the degree of de-
pendence is given by the adiabatic constant y (equation (2-36)). The degree of non-

linearity is expressed by the coefficient of the second-order acoustic non-linearity
1
po=5(r+1). (3-6)

For gases, the non-linearity coefficient g, is between 1 and = 1.4. For air in particular,
P2=1.2[48,54]. For liquids (adiabatic process), the coefficient 4, can also be expressed
by the ratio of the compression module B/K if an adiabatic process (section 2.2.2) is

taken into account [54]:
B
= —+2]. 3-7
b ( X ) (3-7)
The non-linear parameters for liquids in general are larger than those for gases and
range from = 2.5 to = 6.5. For water the value equals 3.5 [48].

3.1.2 “Classical” non-linear behaviour of solids

For solid media, the equation of state is a series expansion of the stress-strain relation.
Its quadratic approximation for a longitudinal plane wave in an isotropic solid turns the
equation of motion (3-3) into [80]
Pu_a O u, % (3-8)
o> | cfax e

Thus, the non-linear coefficient becomes
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C 17 C I

B = (3-9)

20T 2pged
in which C" includes the second- and third-order elastic constants. For solids, the non-

linear parameter ranges between 2.0 (silver) and ~ 800 (marble) [48].

3.1.3 Wave form distortion

Because of the non-linear behaviour of media, a monochromatic wave distorts during
its propagation. This distortion is described by the expression for the particle velocity v

by combining equations (2-47) and (3-5)

V(x,t) =vysinw f—— 2 |= Vo Sin @ f——— > |=
co + fov co(l+ M) (3-10)
= v, sin[or — k(1 - g, M )]
in which M = v/c, is the acoustic Mach number. The wave forms given by this equation

are shown in Figure 15 a-d.

particle
velocity v

4 AL

+V0
/\ £>0,p>0, 4p>0
t=0
T X
e<0,p<0,40<0
_VO

v =Co- PV,

+V,

[ +vU +vU
\ 0<t<t, ] t= / t>t,
JLLL
1r
1 1

Figure 15: Distortion of a propagating monochromatic wave due to non-linear behav-
iour of the medium; a) initial wave after launching (t=0); b) propagating wave for t>0;
c) wave at distance xp (discontinuity distance) and t=tp; d) hypothetic wave form for
X>xp and t>tp.
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The drawings display the wave propagation at several distances and times after the
wave has been launched. Directly after launching (Figure 15 a), the wave has the typi-
cal sinusoidal wave form. Each point travels along the x-direction at different phase
velocity c. After a certain time tp and distance xp (discontinuity distance), the wave be-
comes either a N-type wave (if £, < 0) or a saw-tooth-like wave for £, > 0 (shock wave
[81]; Figure 15 c). For all gases and all liquids and most solids, the value of 3, > 0. For
some solids like fused silica or glass, however, the non-linear coefficient f, is negative
[82]. The maximum slope of the particle velocity profile v has a maximum slope at v=0
and turns out after calculating the first derivative of (3-10) as
ov _ vok(1= M)
(gjvzo - (kﬂzx] (3-11)
I-vy

Co

T . 0 .
and becomes steeper with increasing x. At xp, the slope (a—vj =+o0 and, it can
X X=XD

be seen that the derivative becomes negatively infinite for a saw-tooth like wave for
2
1
xp=—0 = (3-12)
govy  kprM

in which My = vy/cy is the amplitude Mach number. For example, two waves propagat-
ing with the same frequency and the same maximum particle velocity vy, one in water
and one in air, the ratio of Xpuater/Xpair ® 6 (Bowaer = 3.9; fzar = 1.2). Thus, a wave in water
travels approximately six times further before it reaches xp. According to equation
(3-12), values x > xp are also possible. This possibility gives a hypothetical wave form
(Figure 15 d), though, because the dissipative properties of media are not taken into
account in equation (3-10). If these properties are considered (viscosity, thermal con-
ductivity in liquids and gases, internal friction in solids), the non-linear wave form distor-

tion results in a weak shock wave form shown in Figure 15 c.

3.1.4 Generation of higher harmonics

Non-linear wave form distortion results in the occurrence of additional frequencies. In
addition to the fundamental frequency w, higher harmonics n-w (nelN \ {1}) can be

found in the frequency spectrum. The frequency spectrum and the amplitudes of the
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higher harmonics of a distorted wave can be obtained by transforming equation (3-10)

into Fourier-series [54]:

u(x,t):uo an sinn(a)t—kx), X <Xp, (3-13)
n=l1
with
1 27
B, =— J.sin(a)t—karﬂz )sin n(ot — kx )d (ot — kx). (3-14)
T
0

The integration of (3-14) yields

B, =22 (ﬂj (3-15)
nx Xp

for n € IN and with the n-th-order (first kind) Bessel function J, [83]. Putting (3-15) in
(3-13) one eventually obtains the equation [48,54,84]

(3]
u(x,t)=2uy S —2 2 sin (et — kx) (3-16)
n=1 | NX
&
which describes the spectral content and the higher-harmonic amplitudes of a wave
with finite amplitude as a function of the sound path length x to the discontinuity dis-
tance xp. Along its path, the acoustic wave loses increasingly greater amounts of its
monochromatic wave characteristic; increasing number of higher harmonics are gener-

ated and their amplitudes increase with distance while the amplitude of the fundamen-

tal frequency decreases because of energy transfer to the higher harmonics.

3.2 “Non-classical” non-linear acoustics

“Classical” non-linearity describes the wave-form distortion in homogenous media. For
heterogeneous media such as gases with particles, liquids with bubbles, and solid ma-
terials with interfaces, there is a completely different behaviour. In solids, the non-linear
effects of heterogeneities and all types of defects, like delaminations of layers, impact
damages, or cracks in particular, are explained in this section. Inclusions have an inter-
nal non-bonded, partially bonded (“clapping”), or ideally bonded interface between the
inclusion and the intact material. Such contact interfaces are strong local sources for

non-linear phenomena because of non-linear motion of boundaries (contact acoustic
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non-linearity (CAN) [85]). The motion occurs in normal as well as in tangential direc-

tions or in mixed modes.

3.2.1 Normal traction driven interfaces

The non-linear properties of non-bonded contacts driven by normal traction can be de-
scribed by the general form of NDT-techniques (Figure 4) and in particular as shown in
Figure 16: A longitudinal plane wave is launched into a sample (Figure 16 a). If it hits a

non-bonded contact, it drives the interface with

&(t) = max cos(a)ot) (3-17)
in which ¢ is the strain.
excitation E () sample/component response R (1)
with non-bonded interfaces
0 E(®) >R () g
€maxCOS(®,1) eM) St I 0
\_/ ¢ _ l \_/ ¢
\:

physical effect

* waves response
(strain fields) changgs of

» amplitude
source (asymmetrical rectification)
* sound * frequency

normal traction (higher harmonics)

indication for
internal non-bonded
interfaces

a) b) c)

Figure 16: Local non-linear behaviour of non-bonded interface driven by normal trac-
tion; a) driving signal E(t) = g(t); b) stress— strain relation of a non-bonded interface
and contact stiffness as a function of strain (bottom); c) asymmetrical rectification of
the response R(t) = o(t) and generation of higher harmonics because of “clapping’.

Because of the local disbonding, compressive stress can be transferred more easily

than tensile stress (Figure 16 ¢ middle). This effect leads to an asymmetrical rectifica-
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tion of the stress field that depends on the motion of the boundary (Figure 16 c top).
The asymmetrical contact stiffness Ci.1o) depending on strain (and on time) (Figure 16 b
bottom) consists of the stiffness C” and the dynamic stiffness AC. According to Figure
16 b, the dynamic stiffness equals [86]
d
AC=CT - (—Uj . (3-18)
de >0
For the time varying excitation (3-17) and the contact static strain & of a non-bonded
interface, the change of stiffness with time is:
AC 0)
AC(t) = FH(gmax coswyt — & (3-19)
and represents with the Heaviside unit step function H (¢), a pulse modulation type
function with a period of T = 27z/w,. Because the stress ois a linear function for both ¢ <

0 and & > 0, one obtains for the output stress
o =" +AC()|le() - (3-20)
This stress-strain relation of a non-bonded interface driven by normal traction is shown
in Figure 16 c. Because of the asymmetrical stiffness, only one part of the strain re-
sponse is rectified. The frequency spectrum of equation (3-20) can be calculated by
using the modulation theorem. The amplitude of the n-th harmonic (n € INy) is:
a, = gmaxACAr{Sinc[(n + I)Ar]— 2cos[7zA T]Sinc[nAz']+ Sinc[(n - I)Az']} . (3-21)
In this formula, Ar=#T represents the modulation pulse length with
7=(T/x) arccos(s”/emax). The arccos-function does not exist for nax < £°. Thus, the exci-
tation must be greater than the static contact stiffness and therefore pass the threshold
for which gnax > €° (CAN threshold). As a result, “clapping” defects (like clapping of old

cars) is accompanied by occurrence of higher harmonics in the frequency spectrum.

3.2.2 Tangential traction driven interfaces

In addition to normal traction, non-bonded interfaces can also be driven by tangential
forces if the defect interface is perpendicular or has a certain angle to the propagating
longitudinal wave (Figure 17). Because of periodic tangential movement of two bounda-
ries with respect to each other and the hysteretic stress-strain relation (Figure 17 c),
energy losses due to friction occur. According to Figure 17 b the contact stiffness C

changes twice between C; (sticking) and becomes zero for sliding.
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Figure 17: Local non-linear behaviour of non-bonded interface driven by tangential
traction; a) driving signal E(t) = g(t); b) idealized stress- strain relation of a non-
bonded interface to describe the distortion of the signal; stiffness constant C changes
between C;s (sticking) and zero (sliding); ¢) symmetrical rectification of the response
R(t) = o(t) and generation of higher harmonics.

The local stiffness of friction-coupled interfaces of non-bonded contacts depends on

time and is expressed by [87]

C@) = %{1 - sign(é}sign{g + sign(;‘}?l }} : (3-22)

After integrating this relation on strain we obtain
® 1
o(t)=C(t)e(t)+ Sign(gj . [C(t)gl + 5 C, (5max - & )} (3-23)

which is a double-valued linear function of strain ¢ with the integration constant o in
accordance with Figure 17 c. The non-linear response of tangential driven interfaces
because of friction is a symmetrical rectification of the output stresses. The amplitudes
of the higher harmonics in the frequency spectrum found by a Fourier transformation of
(3-23) are [87]:
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by = Cy&max <Arf {sinc[(N -1)Az, ]+ sinc[(N + 1)Arf]— 2A¢ - sinc[NArf ]}> -

=)

for N = 2n+1; n € INy, where Ac = &1/ gmax, and Az =(1/27)arccos(e1/emax). Again the

(3-24)

1
- ngmax[E(I —Ag)-

arccos-function does not exist for gnax < &7. As a result, the maximum amplitude of a
driving signal must pass the threshold of &, above which higher harmonics are gener-

ated. According to (3-24), this mechanism is a source for odd higher harmonics only.

The two mechanisms above show that higher harmonics are generated at localized
imperfections with non-bonded interfaces if a certain threshold is passed and if the gap
between two boundaries is not so large that the two boundaries can interact with each
other. These conditions are fulfilled at least at the edges of e.g. cracks. The efficiency
of generation of higher harmonics is many orders of magnitude higher than in classical
non-linearity. This effect can be successfully used not only for defect-selective detec-

tion but also for localizing and defect-selective imaging of potential defects.
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4 Basic Ultrasound Testing Techniques
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Figure 18: Linear ultrasound inspection techniques.

Common non-destructive inspections using ultrasound need an acoustic couplant in

(section 4.1) and are performed primarily in two ways.
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An ultrasound wave is directed into a sample and

o either the reflected wave (section 4.2; reflection technique; reflections from all
kinds of surfaces or gain boundaries) is recorded, or
¢ the through-transmitted wave (section 4.3; through-transmission technique) is

recorded.

Both techniques (Figure 18) work either with continuous wave or with pulses. Another
method is based on the acoustic emission of samples (Figure 18). Acoustic emission
occurs mostly when load is put on samples [88,89,90,91]. Depending on the informa-
tion one wants to obtain from the ultrasound signals received, the signals can be dis-

played in several ways (section 4.4).

4.1 Coupling media and coupling techniques

Ultrasound inspection cannot function without a couplant, which is needed to transfer
the acoustic energy between the transducer and the sample. The coupling medium

should meet the following conditions:

e Constant coupling during entire inspection for reliable testing.

e Suitable acoustic matching for acoustic energy transfer (acoustic impedance
of the couplant is between that of the sample and of the probe face).

¢ No influence on the properties of the testing object.

¢ Not toxic or corrosive.

e Wets both the surface of the transducer and of the sample (suitable viscosity).

e Without air-bubbles or solid inclusions.

e Can easily be removed after inspection.

Coupling is performed in two ways, direct contact coupling and gap testing technique
[92] (also called delay path/delay line coupling [70]). The two techniques differ primarily
in the length of the coupling medium path between sample and probe.

Contact coupling is done by pressing the transducer onto the sample surface using
constant force. It can also be done by merely gluing the transducer to the sample with

hot-melt glue, with resin, or with wax. After inspection, though, it is often difficult to re-
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move the transducer from the sample. Dry-coupling, an additional technique, uses
transducer shoes like pads or hemispheres made out of soft rubber. This method is
used for inspection of materials such as wood because soft rubber materials fit rough
surfaces [93]. Another technique uses roller probes with plastic tyres (dry-contact
wheel transducer) [94,95]. The advantage of dry-coupling is that remote testing is pos-

sible. The limitation is the difficulty of keeping coupling conditions constant.

Liquid or semi-liquid media and paste are also candidates for contact coupling. Exam-
ples are gelatine, gel, grease, heavy oil, glycerine, or resins. Each has its own advan-
tages and disadvantages, but all have in common that scanning across the sample is

difficult to perform.

Gap testing techniques use a delay line between the transducer and the receiver. The
line consists either of a solid medium (e.g. thermoplastic material) or a fluid medium
(immersion coupling). Immersion coupling is widely used in industry. The sample is
immersed into liquid and the transducer is mounted a certain distance away from the
sample depending on focal length. Because the liquid medium fills the gap, uniform
coupling conditions are possible. Therefore, scanning across the test object is feasible.
Water is the most common liquid for inspection using this technique. It is inexpensive,
available almost everywhere, and is not toxic. As mentioned in section 2.4, the sound
amplitude is reduced to only about 13 % between transmitting and receiving (losses
inside the sample are not taken into account). Measurements are performed primarily
in a water bath which restricts this method because it is difficult to move the tank and
large components are difficult to inspect. The lack of portability is overcome by using a
water jet device (the squirter technique) with which ultrasound waves are coupled into
the sample. The limitation of this technique is that air-bubbles inside the water jet or on
the surface of the test object can cause disturbing reflections. The disadvantages of all
immersion techniques are that immersion is not a real remote technique and that the
liquid couplant can penetrate into samples and cause corrosion or change the proper-

ties of materials. Also, liquid-sensitive materials cannot be inspected.

Therefore, there is a need for real non-contact, remote ultrasound inspection. Devel-
opments are being made for non-contact coupling, for example with the use of electric
or/and magnetic fields or with laser beams. The most promising technique is laser-

based ultrasound that generates an ultrasound pulse caused by heat shock [96,97,98].
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Ultrasound inspection through air, though, would be the most appropriate method. Be-
cause of the huge impedance mismatch between solid and air, however, it is difficult to

perform (section 2.4 and chapter 5).

4.2 Reflection technique

The reflection technique, especially with pulses (pulse-echo method), is the most
commonly used in industry. A single ultrasound probe both transmits and receives sig-
nals so that only single-sided access is needed. A pulse generator provides a signal to
the transmitter which itself generates an acoustic wave. The wave propagates from the
transducer to the sample and into it. On its path, it crosses several boundaries with dif-
ferent acoustic impedances which are reflecting the wave partly according to equation
(2-61). The wave is first reflected at the front surface of the sample (entry echo [92] or
front surface reflection [70]). At internal surfaces (acoustical boundaries) of inclusions,
the wave is reflected again (discontinuity echo [92] or inclusion reflection [70]). The last
reflection (back-wall echo [92] or back surface reflection [70]) takes place at the bound-
ary of the test object (solid) and the surrounding medium (e.g. water or air). An exam-
ple (amplitude versus time) is given in Figure 19.

transducer
(transmitter/receiver)

| EE+BE 'EE+DE+BE
| |sample
amplitude
q>) » >
g EE: entry echo or
3 front surface reflection
E DE: discontinuity echo or
© inclusion reflection
é BE: back-wall echo or
back surface reflection
time
\ 4 v

Figure 19: Reflected wave without inclusion (left) and with “sound soft” inclusion
(right).
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The sample is surrounded by water (lower impedance than the sample) and has an
inside inclusion with lower impedance than the material. The amplitude recorded over
time at an inclusion-free part of the test object shows only entry and back-wall echo,
while at an inclusion, a discontinuity echo can be seen also. By measuring the ultra-
sound signal’s time of arrival, it is possible to calculate the depth of an inclusion. This
ability to measure depth is another advantage of this technique. Frequent applications
of the reflection technique are detection of defects or damage in metal plates [99], rail-
road tracks [100], and fibre reinforced polymer materials [101]. The angle of incidence
does not necessarily need to be perpendicular to the sample surface (Figure 18). With
angle probes, for instance, it is possible to inspect welding more readily because it is
easier to place a transducer next to the welding instead of on the uneven surface [93].
Misfits of fibre orientation inside of long fibre-reinforced materials can also be detected
by scanning across a sample with a transducer that is not mounted perpendicularly to
the surface of a sample [102]. By orbital scanning, fibre orientations can also be distin-

guished [103]. These techniques detect the ultrasound waves backscattered by fibres.

4.3 Through-transmission technique

A single-sided measurement has its limitations if highly sound-absorbent materials
such as porous materials or components with many boundaries (e.g. honeycomb struc-
tures) need to be inspected. Because the ultrasound beam must pass through the
sample twice (round trip), the signal-to-noise ratio may be too poor. In this case, the
trough-transmission technique offers better possibilities because the wave needs only
to pass through the material once. With this method, the transmitted wave, but not the
reflected signals are recorded. As a result, the received ultrasound signal in the
through-transmission technique looks different from that in reflection-technique meas-
urements. Only pulses or continuous waves, but not reflections, are mapped in the
through-transmission technique. As a consequence, information about the depth of
discontinuities is lost. By measuring in through-transmission, however, the x- and y-
positions and the dimensions of a discontinuity can be distinguished. For detection of
potential defects, changes of amplitude are evaluated (Figure 20). These changes of
amplitude occur because the ultrasound wave is reflected, scattered or obscured by
imperfections. As shown in Figure 20, a sample is placed between two separate trans-

ducers in which one acts as transmitter and the other one as receiver. For maximum
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transferred acoustic wave energy, both transducers must be precisely aligned and
must have the same characteristics (acoustic and electric impedance, centre fre-

quency, bandwidth).

e B transmitter
Y A 4
bl 4 sample
| e - |
\4 A 4
. - receiver
transmitted amplitude
—_—
wave
time v \ 4

Figure 20: Transmitted wave (through-transmission technique) without inclusion (left)
and with inclusion (right).

The immersed through-transmission technique can be used for such measurements as
monitoring of disbonding that occurs between metal and rubber layers of engine
mountings [93]. Again the angle of incidence does not need to be 90°; for example, the
inspection of fillet welds is performed with two angle probes [93]. Also with incident

waves, it is possible to measure elastic constants [104].

Both reflection and through-transmission technique can also be used to perform non-
linear measurements. The difference is that transmitter and receiver differ in the centre
frequency. The centre frequency of the receiver is n-times of the transmitter to receive

the n™ order higher harmonic.

4.4 Scanning techniques and imaging of ultrasound signals

For defect detection and characterisation, several types of ultrasound signal presenta-
tions (images) are common. The choice depends on both the features of the equipment

and on the information one wants to obtain from the data.

The A-scan presentation (or A-scan image) A (xo, Yo, t) displays amplitude A at a single

point (xo, o) at time t and therefore provides information about the depth of discontinui-
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ties (if measured in reflection technique). This kind of presentation (Figure 19 and
Figure 20) is easy to perform and is the most commonly used one in ultrasound testing.
It is difficult to evaluate the run of signals measured in reflection technique if there are
several boundaries or potential defects inside the test object and if there is no refer-
ence run of the signals recorded at a known defect-free area. The A-scan presentation
is primarily used for contact coupling measurements and has its limitations in inspec-
tion of large components because numerous single-point A-scans would have to be
performed. For larger samples, and to obtain two-dimensional information about a de-

fect, a B-scan presentation is more suitable.

The B-scan presentation A (x, yo, t) is performed by scanning across the sample and
mapping several A-scans along one coordinate x while the y- axis is fixed. On the B-
scan image, the abscissa represents the position along the scanning direction and the
values of time of flight or distance are shown on the ordinate. With the help of a colour
bar scheme, the signal amplitude height is displayed. A measurement in reflection

technique leads to a B-scan image shown in Figure 21 a.

scan scan
" X-position
X-position
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X-position
time t .
time t
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a) b)

Figure 21: a) B-scan presentation of a measurement performed in reflection tech-
nique; b) B-scan presentation of a measurement performed in through-transmission
technique.

The entry echo and the back-wall echo are indicated through parallel lines of different
colours. The discontinuity echo can be seen between both echoes. Because of the im-

perfection, the back-wall echo at the x-position of the potential defect is weaker. This
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type of image shows a cross-section of the sample perpendicular to the surface and
parallel to scanning direction. As a result, the B-scan image displays the x-position, the
length in x-direction, and the depth of a potential defect. By contrast, on the B-scan
presentation of a through-transmission examination, only parallel lines of different am-
plitude heights and weaker signals across a discontinuity are shown. Thus, on the B-
scan image only the x-position and the length in x-direction of an imperfection but not

its depth can be detected.

The C-scan presentation A (X, y, tn) is another standard method that is becoming more
and more popular because ultrasound equipment is getting increasingly better due to
advances in microprocessor technology. The C-scan image shows a view of the sam-
ple as seen from above and therefore shows a cross section of the sample and the
imperfection parallel to the scanning surface [92]. Thus it is a projection of internal fea-
tures regardless of their depth [92]. To achieve such images, the sample is scanned in
a raster pattern and either the reflected wave amplitude or the transmitted wave ampli-
tude at a certain time range t, (or the entire A-scan) and the x-, y- coordinates are
mapped. To evaluate a C-scan image, the amplitudes are integrated within a time
range and the result is displayed with the help of a colour bar scheme. Information
about the size and the position of a potential defect are available because of changes
in amplitude. On Figure 22, the performing of a C-scan presentation of a through-

transmission measurement is shown.
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Figure 22: Performing a C-scan image, the entire sample is scanned (upper left, in
this case in through-transmission technique) and either entire B-scans (right) or the
amplitude are mapped within a time range. The change of amplitude within a time
range At is displayed in a C-scan image (lower lefft).

The D-scan presentation t (x, y) is a modified C-scan presentation and shows the time
of flight t dependence as a function of position (x, y). The image displays a cross sec-
tion of the test object perpendicular to the projection of the beam axis on the scanning

surface.

The F-scan presentation F (x, y) is also a modified C-scan presentation. Instead of am-
plitude, another feature - such as centre-frequency, phase angle, or frequency spectra

- is displayed as a function of position (x, y).

In Table 7 and Table 8, the different types of ultrasound presentation techniques ex-
plained above and also other types of images are summarized. The descriptions were
taken from the European Standard EN 1330-4 which defines the terms used in ultra-
sound testing [92] and were edited to describe some techniques more clearly and to

add techniques that are not explained in the standard.
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¢ f spatial signal time of other type of data
ir);]pae ce) coordinates | amplitude flight features acquisition
2 x|y |p A t F
A-scan
presentation ° . A (Xo, Yo, 1)
B-scan
presentation | ° ° . A (X0, y, 1)
Rotation
B-scan ° ° ° A (ﬂ, Xo, Yo, t)
presentation
Polar scan
presentation * ° Amax (B, Xo, Yo)
C-scan
presentation | * | ° . A(x y, tn)
Volume scan
presentation | * | ° . . AKXyt
P-scan Am (Xm: Yo, 1),
presentation | * | ° ° . Am (Xo, Ym, 1),
A (X, y, tn)
D-scan
presentation | * | ° . t(x, y)
F-scan
presentation | * | ° . F(x,y)

Table 7: Different types of ultrasound imaging methods.
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t_ype of description
image
A-scan Display of the ultrasound signal in which the abscissa represents the
presentation | time, and the ordinate represents the amplitude
Image showing a cross section of the test object perpendicular to the
B-scan scanned surface and parallel to a reference direction. The cross sec-
presentation | tion will normally be the plane through which the individual A-scans
have been collected.
Rotation e ] . . .
B-scan Modlfled .B—scan. a.mplltude is recorded versus rotation angle and
. time (orbital scanning)
presentation
Polar scan | Modified B-scan: maximum amplitude is recorded versus rotation
presentation | angle (orbital scanning)
C-scan Image of the results of an ultrasound examination showing a cross
presentation | section of the test object parallel to the scanning surface.

Volume scan

Three-dimensional (spatial) representation of the inspected volume.
At each inspection-point of scanning surface, a complete A-scan

presentation must be recorded.
P-scan Projection-view of several B- or C-scans
presentation
Image of the results of an ultrasound examination showing a cross
D-scan section of the test object perpendicular to the projection of the beam
presentation | axis on the scanning surface. The D-scan will normally be perpen-
dicular to the B-scan.
F-scan Modified C-scan: values of a certain feature (e.g. centre-frequency or
presentation | phase angle) are recorded and displayed instead of amplitudes.

Table 8: Descriptions of different ultrasound imaging methods.
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5 Air-coupled ultrasound inspection method

As mentioned in section 2.4, it is difficult to measure through air using ultrasound.
Therefore, some additional factors must be considered to develop or to use an ACU

testing device.

5.1 Fundamental considerations

The objective of all improvements to ultrasound test equipment is to enhance the sig-

nal-to-noise ratio (S/N) which can be estimated by [105]

S/N=10log — 4 . di . (5-1)
AkTAf -NF CL-AL-AB-DL-EL
Pa available transmitter power T transmission coefficient
k Bolzmann’s constant CL two-way transducer conversion loss
T absolute temperature in °K AL, AB sound absorption in air and of the sample
Af effective bandwidth of the receiver DL di . L
. iffraction losses in air
electronics
NF “noise factor” (rage 1-10) EL “excess” propagation losses

The transmitter power (Pa), is represented by [105]

Pa=V?/4R (5-2)
and must be enhanced by choosing a high peak-to-peak voltage (V) and a low output
loading resistance of the signal generator or amplifier (R). This situation also requires
the use of very efficient electrical impedance and noise matching networks at the
transmitting and receiving sides of the equipment. At the same time, the effective
bandwidth of the receiver (4f) as well as the “noise factor” (NF) must be reduced. The
noise factor NF is primarily a scale for the efficiency of how well the electrical input re-
sistance of the receiving transducer matches the resistance value that corresponds to
the noise resistance of the signal generator or preamplifier. With an electrical imped-

ance-matching transformer, the noise factor can be reduced.

The second part of equation (5-1) explains the ratio of different losses. The transmis-
sion coefficient is given by equation (2-65) in which Z; is the specific acoustic imped-
ance of air and Zis the specific acoustic impedance of the test object. The value of T,

is therefore fixed for a specific task and can not be influenced.
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In the denominator of equation (5-1), the two-way conversion loss (CL) of the trans-
ducers for the interface solid (transducer material) and air can also be calculated by
equation (2-65). It is evident that CL must be decreased by the transducer design, e.g.
by better impedance matching. The sound absorption losses in air (AL) are between 10
and 100 dB/m in the frequency range of 100 kHz to 1 MHz. In practice, with a distance
between the transmitter and the receiver of 80 — 100 mm, the losses do not exceed 10
dB (at 300° K and atmospheric pressure) [105,106,107,108] (see also section 2.7). The
absorption loss of the sample (AB) depends on the material and is therefore fixed. Fi-
nally, diffraction losses (DL) and “excess” propagation losses (EL; amplitude saturation
effects, partial loss of phase-front coherence, and air turbulence effects) can be ig-
nored because both factors have an insignificant impact. In summary, ACU inspection
is possible if the impedance mismatch between transducer and air as well as the elec-

trical impedances are reduced, and the power output is enhanced.

5.2 Air-coupled ultrasound device

The considerations described in section 5.1 are taken into account in the design and
development of commercially available ultrasound testing equipment [109,110,111]. A
commercial device “AirTech 4000” [111] was used for the measurements described
below. The device consists out of two probes for transmitting and for receiving ultra-
sound signals. These two transducers are controlled by personal computer boards that

are built into an industrial computer case.

5.2.1 Transmitting part of the equipment

The ultrasound signals are transmitted by probes adapted for measurements in air. The
first studies in the development of air-coupled transducers were made as early as 1954
[112]. In the past 15 years, major developments have been made in the design. Two

types of transducer offer the best possibilities to work in air.

First are electrostatic (capacitance) probes [113,114]. They consist out of a thin poly-
mer membrane (coated on one side with a thin metallic layer) and a backplate made,
for example, out of metal-coated silicon with etched pits [115]. Both parts form the two

plates of the capacitor.
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Second are the probes made out of piezo-composites [116] which are used in the
“AirTech 4000” equipment. Piezoelectric rods (“active phase”) aligned in parallel along
the thickness direction are embedded in a three—dimensional passive polymer matrix
(“1-3-configuration”, Figure 23, left) [117,118]. The middle-to-middle distance a be-
tween the two rods must be smaller than the half-wave length of the shear wave (a <
As/2) of the polymer matrix in order for the composite as a whole to vibrate. (Figure 23,
right).

\/

A A2
Figure 23: Drawings of a 1-3 piezo composite [117].

The piezo composites are manufactured according to the “dice and fill” technique [119]
in which a piezo ceramic plate is diced into an orthogonal array. It is first sawed in cuts
parallel to each other, and again sawed after a 90°-rotation of the plate. The depth of
the cuts is about 80% of the ceramic thickness. Then the notches are filled with a
polymer material, followed by a heat treatment of several hours. Next, both sides are
covered with electrodes such as a sputtering Ni-alloy base and galvanization of a gold-
layer [117]. Afterwards, the transducers are focused by forming the composite into a
spherical shape. The focal length of the transducers used is 40 mm (Figure 24 a) and
is much smaller than the distance at which the amplitude is reduced to 1/e (Table 6).
The calculated radius of focal spot for the transducers is 3 mm (equation (2-98); ¢ =
330 m/s, f = 450 kHz, fr = 0.04 m, a = 0.0095 m). Using this kind of piezo-composite
transducers, the acoustic matching to air is four times better than with plain piezo ce-
ramic because the integral impedance Z is reduced by the passive polymer phase with
lower velocity and lower density than the piezo ceramic itself (piezo composites: typi-
cally Z = 6-10+10° kg/m?s; piezo ceramic: typically Z = 29-35%10° kg/m?2s). In addition,
with a matching layer of silicon rubber containing air bubbles (section 2.6), the effi-
ciency is improved 5 to 30 times. The rear side of the composite is air-backed in order

to drive the piezo composite in thickness mode resonance (Figure 24 a). As a conse-
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quence, the transducers operate with a much higher sensitivity. The piezo composite is
built in a metal casing in order to prevent it from becoming damaged and to shield it

from electrical interferences (Figure 24 b).

air-
backing
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Figure 24: Drawing (a) and image (b) of ACU probe.

The transmitter probe has a built-in electrical impedance matching network (coil and
transformer) in order to increase the transmitter voltage by six times and therefore in-
crease the output power. The transmitter probe is operated by a software-controlled
burst transmitter board that was especially developed for the air-coupled equipment. A
built-in power amplifier generates an output power of up to 1.2 kW into 25 Q. Because
of low output electric impedance (< 1.8 Q) and matching networks, the voltage at the
piezo composite reaches up to 1400 Vp,. The board generates quartz-controlled tone
burst signals up to 15 cycles and is adjustable for frequencies between 70 kHz and 1
MHz (pulse width and period) with a pulse repetition rate of up to 2 kHz (Figure 25 a).
In our case, the transmitter is driven by 15 cycles with a pulse width of 1.125 ps and a
period of 2.250 ps (444 kHz) to match the resonance frequency of 450 kHz (wave
length in air: 0.76 mm) of the piezo composite. Therefore an adjustment range of +/-
10% is necessary [120]. By using the rectangular tone burst pulse instead of a spike
pulse, additional power is provided during the transient phenomenon of the transducer
(Figure 25 a) to achieve high oscillation amplitudes of the piezo-composite plate. The

tone burst with 15 cycles is shown in Figure 25 b.



AIR-COUPLED ULTRASOUND INSPECTION METHOD 85

pulse width

2000 T T T T : T
(1.125 ps) 15 cycles ‘

1600 15 cycles
1200
800 |
400 -

‘ -400 -

. -800 +
i time

periode: 1/f -1200

(2.250 ps) 0 2 4 6 8
time t [us]

amplitude

repetition rate

a) b)
Figure 25: a) Electrical input to the transmitter, b) output of the receiver.

5.2.2 Receiving part of the equipment

The receiver probe also contains an electrical impedance matching network and addi-
tionally a very low noise preamplifier (50 dB) as well as a narrow-band filter unit (Figure
26). The combination of preamplifier and narrow band-pass filter unit allows low-noise
amplification. As a result, no additional averaging of the signals is needed and fast

scanning across a sample is possible.

Figure 26: Image of the ACU receiver probe [121].

Because of the long burst signal, the air-backed piezo composite, and the built-in elec-
tronics, measurements are possible only with two separate ultrasound probes (trans-
mitter and receiver) either in through-transmission mode or with transmitter and re-

ceiver on the same side.

An adapter board receives the ultrasound signals and provides voltage for the pream-
plifier and band pass filter unit. Afterwards, the signal processing and additional ampli-

fication is done by an ultrasound receiver board originally designed and used for
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measuring in immersion technique. The analogue signals are then sampled with a
maximum of 200 MHz and a resolution of 8 bits by an analogue-to-digital (A/D) con-
verter board (“PAD 82", made by Spectrum Systementwicklung). The tone burst signal,
described above, generates a long ultrasound signal of about 100 ys duration (Figure
27 a).
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Figure 27: a) Received ultrasound signal, b) frequency spectrum of the received ul-
trasound signal.
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Figure 28: Block diagram of the system architecture of the air-coupled equipment.
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The calculated frequency spectrum of this ultrasound signal is displayed in Figure 27
b. The run of the curve shows the narrow band characteristic (3 dB width: ~ + 6 kHz)

of the ultrasound signal. The entire system architecture is presented in Figure 28.
5.3 Performing measurements with linear ACU inspection

This section describes how a measurement in through-transmission mode is performed
with the air-coupled equipment and what considerations need to be taken into account.
Linear ACU measurements record changes in amplitude because of reflections, ab-
sorption, and differences in damping (changes in density or elastic properties). For in-
spection, a sample is placed on top of the edges of two mountings and between trans-
ducer and receiver (distance between probe and sample: 40 mm). The scanning
across a sample is done by a three-axis, stepping motor-controlled scanning assembly
(made by ISEL, (Figure 29)) with a maximum speed of 25 mm/s and a precision of 0.01
mm. This scanning assembly is operated by a manipulator PC-board. For all meas-
urements, the A-scan spacing was 0.5 mm (x-position) and a 1 mm or 2 mm spacing

between two B-scans (y-position) was chosen.

Figure 29: a) ACU inspection set-up; b) transducers and CFRP-sample.

The hardware and the scanning system are controlled by the software module
“ADSONIC” which was especially designed for this equipment [122] (Figure 28). This
software calculates B-scan images and stores the raw data for further processing. With
“‘“ADSONIC”, the dimension of the scanned area (x-, y-dimension and the spacing), the
sampling rate (mostly 12.5 MHz), and the gain are set. The change of amplitude (or the

gain) is described by (see also section 2.4)
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AA = 2010gﬁ [dB] (5-3)
4

in which A4A is the gain [dB], Az the amplitude, and A, the reference amplitude. To ex-
amine the dependence of amplitude from gain, a pseudo ACU C-scan image was per-
formed. Across a sample (PMMA, thickness: 4.3 mm), ACU B-scans were made along
the same scanning path without actually moving in y-direction but with increasing y-
direction in the software setting. The ACU B-Scans are performed with different gains
that vary between 30 dB and 70 dB with a step of 5 dB. Out of these data, a C-scan
presentation within a time range of 0.01 ms (typical value for calculating of a C-Scan in
this work; see also below) was evaluated. Along a line in “y-direction”, with different
gains, the echo dynamic values were taken and used for the diagram in Figure 30. The
values were normalized with the amplitude at 30 dB, A,; see (5-3). The half logarithmic
linear behaviour of amplitude between 5 dB and 30 dB (35 dB — 60 dB) can be shown.
The deviation at 40 dB (70 dB) is caused by an overrange of the ultrasound signals.
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Figure 30: Amplitude versus gain steps (A gain) of 5 dB, measured at a PMMA-
sample (thickness: 4.3 mm).

For performing C-scan images and signal analysis, the software module “REFLEXWIN”
[123] is used. It is based on Windows® platform and was developed for geophysical
applications. It was chosen because it offers more features than standard ultrasound

calculation software. For evaluating a C-Scan image in through-transmission, it does
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not make any difference which start time for the time range is chosen because by
measuring in through-transmission mode, mainly variations in amplitude are of interest
and changes are the same within the time window (typically recorded time window:
0.08 ms). The values of amplitude are usually integrated within a time range of 0.01
ms. As a result, an x-, y- image is evaluated which shows the position of an imperfec-
tion. After calculating a C-scan image, the data are stored in a three-column ASCII file
(x-, y-position and amplitude). This file is processed with the help of the software “Dis-
play.img” developed by the laboratory of the Institute for Polymer Testing and Polymer
Science (IKP), Department of Non-Destructive Testing (ZfP) to create again a C-scan

image, but with flexible colour bars (Figure 28).

For quality assurance and for non-destructive testing, it is not only important to detect
defects but also to measure their size. Both steps are necessary in order to monitor
changes in defects that may result from further damage to a sample. A sample was
made to determine the relation between the real size of the defect and the apparent

size as given by the signal structure (Figure 31).

Strips with different width (true width x; Figure 31; top) were attached on the top sur-
face of a PMMA-sample. Between each strip and the surface there is a gap to simulate

a delamination with an additional boundary which causes a decrease of signal.

Across this sample, a C-scan image was performed (Figure 31, middle). The dark ar-
eas (low amplitude) indicate the gaps. The echo dynamic curve (changes of amplitude
dependant of x-position) was calculated across a line with the help of the c-scan data.
Afterwards, the derivative of this curve was determined. The position of the peaks (in-
dicating minimum and maximum and therefore the inflection points) of the derivative
curve were used to estimate the apparent width x, (Figure 31; bottom). The PMMA-
plate was measured five times at different positions at the scan table and the sample
was also horizontally rotated. The average value of x,, the standard deviation, and the
difference of average value of x; and x; were calculated (Table 9) from these five

measurements.
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Figure 31: Measurement performed to determine the difference between the true size
x; and the apparent size x, of a defect. The PMMA-plate has strips with a gap be-
tween the strip and the surface and different width x; on top of the surface; top: draw-
ing of the sample; middle: C-scan image of the sample (dark areas indicate the
gaps),; bottom: derivative of the echo dynamic curve to determine the apparent width
Xa (Shown are the average values of x,).

true width | average value of standard deviation of Xz - X¢ [mm]
X¢ [mm] the apparent the apparent width
width of x; [mm] [mm]

1 2.6 0.42 1.6
2 3.9 0.22 1.9
4 5.5 0.30 1.5
6 6.4 0.42 0.4
8 8.9 0.22 0.9
10 11.2 0.27 1.2
15 16.1 0.42 1.1
19 20.1 0.55 1.1

average value: 1.2

Table 9: Comparison of the true width x; and the average value of the apparent width
X Of strips on the surface of a PMMA-plate.

In Figure 32, the average values of the apparent widths x, are plotted versus the true
value x; considering the errors for x; and x; (the errors of x; was estimated). Both values
have a nearly linear relation and the curve is shifted to higher values by an offset of 1.2

mm (indicated by comparison of the dashed line and the solid line in Figure 32 as well
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as by the average value of the values of the right column in Table 9) and shown in
Figure 33. As a result, within the range of 1 to 19 mm, there is an offset of 1.2 mm with
a spread of 0.8 mm (Figure 33) between the apparent size x, and the true size x; of a

defect.
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Figure 32: Average apparent widths of x, plotted versus the true width x;. The solid
line indicates the measured relation and the dash line a hypothetic one (equality of
both values). The offset between both lines is 1.2 mm.
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Figure 33: Plot of the difference between x, and x; versus the true value x;. The aver-
age value is 1.2 mm with a spread of 0.8 mm.
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One of the disadvantages of measuring in through-transmission mode is a signal over-
range along the edges of a sample because of waves propagating around the edges
and scattering. As long as the wave propagates through air and not through the sam-
ple, the ultrasound signals are damped less and cause overrange of signals. To find
out the dimensions of this overrange area, a metal sheet (width: 14 mm) was fixed 40
mm apart from the edge of a PMMA- sample with double-face photo strip (width: 15
mm). For this sample, an ACU C-scan image was performed and compared with the

dimensions of the sample (Figure 34 a).

adjoined
plate
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- |

a) b)

Figure 34: a) Drawing (top) and C-scan image (bottom) of a sample to examine the
effect of overranged signals along edges. The overrange is indicated by dark area on
the left side of the ACU C-scan presentation b) Drawing (top) and ACU C-scan image
(bottom) of a sample to examine the influence of a plate joined to the test object on
the signals along edges. The lack of overranged signals is indicated the bright area
on the left side of the ACU C-scan image.

The edges of the metal sheet and also the edge of the sample were found. The esti-
mate of the area that cannot be inspected could be evaluated, and ranges between 7
mm and 12 mm depending on the gain chosen. The overrange of the signal is indicated
by the dark area on the left side of the ACU C-scan image. To reduce the area along
the edges that cannot be inspected, it is possible to join a plate to the sample with an
overlap of about 1-3 mm (Figure 34 b). Hot-melt glue was applied along the edge to
prevent sound from going through the interface between the sample and the plate. This
application must be done very precisely; otherwise there will be an overrange of signal
if the joint is not done well. As a result, the width of uncertainty can be reduced to 2 to 4
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mm. This width depends mostly on the overlapping of the sample and the joined plate,
and on the width of the hot-melt strip. For narrow samples and for samples with imper-
fections close to the edge, it is important to know this effect and to reduce it by joining

an additional plate to the sampile.

5.4 Performing measurements with non-linear ACU inspection

In contrast to linear ultrasound inspection (which displays changes of amplitude be-
cause of changes of impedances), non-linear ultrasound inspection selectively displays
an increase of amplitude because of higher harmonics that are only produced at non-
linearities (section 3.2). If there is no source for generation of higher harmonics, only
noise is detected. The basic idea of non-linear ACU inspection is that the frequency
spectrum of the excitation source and the receiver are not identical and do not overlap
like at linear ultrasound inspection. The centre frequency of the excitation source is
chosen that the centre frequency of the narrow band receiver is an overtone of the fun-
damental frequency. To perform non-linear measurements, the only difference to be
made to the equipment is that the air-coupled transmitter is switched off because it can
be operated only at 450 kHz and the burst signal itself produces higher harmonics. In-
stead, an external excitation source (e.g. piezo-transmitter glued to the sample) or an
internal excitation source (e.g. piezo-transmitter directly embedded into the sample)
injects a sinusoidal wave into the sample. The excitation source is driven by a wave
generator and an amplifier for generation of continuous sinusoidal waves. In the case
of non-linear ACU, the sample is excited at fundamental frequencies (e.g. 150 kHz, 225
kHz) that have 450 kHz as an overtone. The narrow band receiver tuned to 450 kHz
scans across the sample. In defect-free areas, only the fundamental frequency is emit-
ted that cannot be detected with this narrow band receiver. The scan is made across a
defect however, the narrow band receiver responds selectively to the higher harmonic
frequency of 450 kHz. A schematic drawing of non-linear ACU inspection is shown in
Figure 35. From the data recorded, a higher harmonic image is evaluated similar to a
C-scan image. This higher harmonic image can either be classified as an F-scan image
(Table 8) because it displays the appearance of one frequency, or as a C-scan image
because the amplitude is shown. In the following parts of this work, this type of image is
called either a C-scan image (for which the expression is well known) or is called a

“higher-harmonic image” in order to be clear that a higher harmonic is shown.
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Figure 35: Non-linear ACU inspection method: The receiver responds only to a har-
monic of the excitation (fundamental) frequency.



APPLICATIONS 95

6 Applications

This chapter presents results obtained from a variety of different materials and compo-
nents and compares the results with those of other NDT techniques in order to demon-

strate the capabilities of air-coupled ultrasound inspection techniques.

6.1 Wood

Solid wood as a construction material is used for roof structures of large halls, or as
decorating or pylon material. Therefore, it is important to inspect wood components
during manufacture and during use. Wood is very complex; each tree-trunk is different
and the factors that affect wood properties are not yet fully understood. As a result,
much ongoing effort is devoted to studying wood [124]. Non-destructive characterisa-
tion of wood is also a topic of major interest in the collaborative research centre SFB
381 (German Science Foundation; DFG) where the failure of wood due to various kinds
of defects is investigated. Contact ultrasound is one of the techniques [125,126]. The
major problem, though, is how to couple elastic waves into wood. Contact coupling is
difficult because on rough surfaces, scanning over the sample is not possible and wa-
ter as a liquid coupling medium would penetrate into the wood and affects its proper-
ties. The influence of water on solid wood and therefore on ultrasound signals was veri-
fied with a 10 mm thick wooden sample that was first measured with ACU (dry wood;
Figure 36), then kept in a water bath for 30 minutes and measured again (wet wood;
Figure 36). The decrease of the ultrasound signals because of absorbed water is about
16 dB. This result proves that water has a strong influence on ultrasound inspection of
water sensitive materials and that measurements in a water tank would not be an ap-

propriate method. With air-coupling, however, remote measurements are now possible.
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Figure 36: ACU applied for inspection of wood: echo dynamic curve of a solid wood
sample before and after storing in water.

6.1.1 Solid wood

After cutting solid wood, it is necessary to examine the direction of the wood grain in
order to know what uses can be made of the specific piece of wood because the elastic
properties depend on the direction of the fibres [127]. Ultrasound inspections to classify
wood have been done before [128], but coupling is a problem. With an ACU B-scan,
the structure can be inspected more readily. Local variations in the structure (Figure
37) can be detected in the ACU B-scan image, shown as differences in the amplitude
of the transmitted signal. The ACU B-scan presentation of a more homogeneous piece
of wood is illustrated in Figure 38. The variations of amplitude on the ACU B-scan
presentation are caused by earlywood and latewood. Earlywood is softer, lighter in col-
our, thin-walled, has a lower density, and has larger cell size. Latewood is harder,
darker in colour, thick-walled, and has a higher density, as well as a smaller cell size.
Thus, there are variations in the transmission coefficient, ultrasound absorption, and
sound velocity. The changes in sound velocity can be seen in phase shifts shown in
Figure 37 and Figure 38. Furthermore, the variations of amplitude in Figure 37 are
caused by “sound” channels that consist of boundaries of early- or latewood so that the
waves are guided and not merely transmitted perpendicularly. These two ACU B-scan

results confirm the ability of ACU inspection to sort pieces of wood according to their
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structure. This type of inspection could be made by naked eye as well. It is easy to
automate this process, however, and automation offers the possibility of reduced la-
bour costs and eliminates monotonous work, which are two major topics in modern

quality assurance.
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Figure 37: Spruce wood sample of 30 mm thickness; a) optical image of spruce
wood; b) ACU B-scan image (through-transmission) (sample kindly provided by G.
Dill-Langer; FMPA-BW, Stuttgart).
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Figure 38: Spruce wood sample of 30 mm thickness; a) optical image of spruce
wood; b) ACU B-scan image (through-transmission) (sample kindly provided by G.
Dill-Langer; FMPA-BW, Stuttgart).
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Because wood is a natural product, it may have hidden defects, such as subsurface
knots that can be a potential source for failure of wooden components. Therefore, a
sample was chosen in which the knots can be seen by the naked eye in order to have
a hint where they are located. On the ACU C-scan presentation (Figure 39), the dark
areas indicate the size and the location of the knots (inside the white squares). The
structure of the wood sample (annual structure) is displayed by dark and bright horizon-

tal lines.
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Figure 39: Spruce wood sample of about 20 mm thickness; a) optical image with
knots (the three dark circles are used as markers, the white squares indicate the
knots); b) ACU C-scan image of the sample (sample kindly provided by G. Dill-
Langer, FMPA-BW, Stuttgart).

The question may arise as to whether ACU detects only surface changes. To answer
this question, holes (not visible from the top and bottom surfaces) with different diame-
ters and variations in depth were drilled into a sample of spruce wood (Figure 40 a).

The resulting ACU C-scan image is shown in Figure 40 b.
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Figure 40: Spruce wood sample of 30 mm thickness; a) optical image with drilled
holes and hidden knots (upper black circle); b) ACU C-scan image of the sample.
The white arrow points at the hidden knot (sample kindly provided by G. Dill-Langer;
FMPA-BW, Stuttgart).

The different holes (black areas in Figure 40 b) are detected and also a hidden knot

(white arrow) that is difficult to see with naked eye.
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6.1.2 Wood veneer sample

Most furniture parts are made of wood veneer. In the furniture industry, there is an in-
creasing need to inspect the production and joining process of this type of material.
With air-coupling, remote measurements are feasible in this case. Figure 41 displays
the C-scan image of a wooden veneer sample with areas of missing glue of different
width below the veneer layer (dark areas). Additional defects in the upper right of the
image can also be seen [129]. This result is consistent with images obtained using op-

tical lockin thermography [130].

AN

veneer
wood

interface

Figure 41: Drawing and ACU C-scan image of a wood veneer sample (thickness: 10
mm; scanned area: 30 mm x 80 mm) (sample kindly provided by H. Berglind Tratek,
Swedish Institute for Wood Technology Research).

6.2 Carbon Fibre Reinforced Plastic (CFRP)

In the aerospace and automotive industries, there is a growing demand for materials
with specific properties that cannot be met by traditional materials like steel and alumin-
ium. An important alternative material is CFRP which is used increasingly due to its
high specific strength. Because of the ability to arrange long carbon fibres in different
directions, with a varying number of layers, and embedding them with epoxy resin or
thermoplastic materials, different mechanical properties of CFRP can be achieved that
suit the requirements. During the manufacturing process, which is still mostly manual, it
is important that the layers are bonded with each other and that there are no delamina-

tions between two layers. Also, this kind of defect can occur during usage because of
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load or bending. In addition, impact damage that happens in service can be critical for
CFRP-components. Because CFRP-materials are used with increasing frequency for
safety-relevant components, there is a growing need for reliable non-destructive testing

techniques in the field of after sales quality assurance.

6.2.1 Impact Damage

Impact damage to CFRP is difficult to avoid because the damage can be caused by
such things as stones or falling tools. Usually, almost no damage can be seen on the
impact side because the surface layers are supported by the lower layers. Nonethe-
less, interior layers may break causing an internal defect, and the greatest damage

may occur on the opposite side of the surface where the impact took place (Figure 42).

b impact
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X/shear zone
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Figure 42: Cone structure of an impact damage.

This hidden damage can be a safety risk because technicians who are inspecting air-
planes, for example, are accustomed to finding damages in such materials as alumin-

ium which shows almost the entire extent of the damage on the surface.

Measurements have been made on a CFRP-plate (quasi isotropic laminate; thickness:
1 mm,; orientation of the surface layers 45°) with seven impact damages of the same
impact energy level. On the side where the impacts occurred, only a small amount of
damage with a diameter of about 0.5 mm can barely be seen. On the rear side, though,
the fibres are broken so that the damage (40-45 mm in length) is readily visible. All
seven impacts and their 45°-orientation are detected with linear ACU in through-
transmission mode (Figure 43a). The same sample was also inspected with ULT

(Figure 43 b) and with the non-linear vibrometry technique (Figure 43 c) [131]. These
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techniques display the seven impacts as well. While ACU is sensitive to changes in
acoustical impedance, ULT detects local mechanical hysteresis, and non-linear vi-
brometry shows areas with high mechanical distortion factor. ULT displays in addition
the centre of the impact damage where the impact took place. This was not seen with
non-linear vibrometry. To prove whether the centre can also be found with ACU, one

impact was inspected more precisely.

c)

Figure 43: CFRP-sample (295 mm x 142 mm x 1 mm) with seven impact damages;
a) ACU (through-transmission mode); b) ULT phase image (0.03 Hz); c) non-linear
vibrometry (5" harmonic image; fundamental frequency 20 kHz) [131] (sample kindly
provided by R. Aoki; DLR, Stuttgart).

A closer look of the impact in the middle (Figure 43 a; white arrow) is displayed on the
ACU C-scan image in Figure 44 (lower right). The place where the impact occurred and
also the gradation of damage between the impact and the material around it can be
inspected. A criticism of air coupling is the small signal-to-noise ratio of the signals re-
ceived due to the large impedance mismatch between solid and air. The signal change
of approximately 22 dB in the echo dynamic curve across the impact (Figure 44), which
is caused by the impact, is clearly over the noise level of about 1-2 dB. The decrease in
the signal is caused by additional boundaries resulting from delaminations inside and
on the rear side of the sample. It is interesting that in the area around the impact the

signal level reaches almost the height of the undamaged neighbourhood. At the centre
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where the impact occurred there is a normal stress field (compression zone) which
does not cause damage (longitudinal waves), while at the edges there are tangential
stresses along an increasing length at the same angle of the cone which are causing
damage at the outer part of the cone (shear zone). The extension of the impact of

about 8 mm found on the C-scan image is larger than the visible extension (width: 2-4

mm).
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Figure 44: Echo dynamic curve across (A-B) of an ACU C-scan image of an impact
displayed on the lower right. The signal peak in the centre indicates the compression
zone.

As seen in Figure 43 c, the non-linear behaviour of the impacts can be used for local-
ization of the damages and was detected by non-linear vibrometry. So it should also be
possible with non-linear ACU technique. Therefore, the same sample was inspected
using this non-linear technique which can be performed with single-sided access. This
time only five of the seven impacts were inspected. As an excitation source, two piezo
actuators were glued to the sample with hot melt glue (dark half-circles on the ACU C-
scan image performed in through-transmission mode; Figure 45 a). Thus, it is not a
true non-contact method. Nonetheless, the signals are received through air and not

through water. The ACU C-scan in transmission mode displays the locations of five
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impacts and of the two actuators (Figure 45 a). By exciting the actuator at 225 kHz and
using the 2" harmonic frequency for imaging, four impacts can be seen. The impact
directly above the actuator on the left side, which was used as ultrasound source, is not
clearly detectable because of higher harmonics caused by the clapping of the piezo
ceramic. Only noise is received when the plate is excited with 320 kHz (Figure 45 c)
which is close to the maximum sensitivity at 450 kHz and which has no higher har-

monic at 450 kHz. These results confirm that only the overtone frequency at 450 kHz is

detected.

Figure 45: CFRP-plate with seven impact damage (five are only shown here, see
also Figure 43); a) linear ACU through-transmission technique; b) 2" harmonic im-
age (excitation: 225 kHz, detection: 450 kHz), c) image performed with excitation fre-
quency of 320 kHz (scanned area: 190 mm x 65 mm).

In addition to impacts that can be seen on the rear side, impact damages that are not
visible with the naked eye need to be inspected. Also CFRP-materials used for aero-
space applications are in general thicker than the sample shown in Figure 43. Thus, a
14.5 mm thick CFRP-sample was impacted. On the front side, where the impact oc-

curred, only a small and shallow impact (diameter: 10.2 mm; depth: about 0.15 mm;
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Figure 46 (measurement kindly performed by H. Gerhard; IKP, University of Stuttgart)

can be seen.
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Figure 46: Surface scan performed by Laser-Scanning Microscopy (LSM) across an
impact damage of a CFRP-sample (sample kindly provided by D. Almond; Materials
Research Centre, University of Bath, UK).

On the rear side, nothing can be observed. The ACU C-scan presentation (Figure 47
a), however, shows an extension of the impact of about 50 mm x 40 mm. This result
verifies that the hidden damage caused by an impact is larger than the visible one. Be-
cause the through transmission technique is an integral method along the thickness of
the sample, the cone structure cannot be found, and only the entire extension of a de-
fect is seen. OLT is sensitive to thermal interfaces, and single-sided measurements
from the front and from the rear side of the sample show the increase of damage size
on the phase images (phase 0.01 Hz; measurement kindly performed by G. Riegert,
IKP, University of Stuttgart). The shape of the defect is not as sharp as inspected with
ACU because of distortion of thermal waves. If the extension of a defect is of interest
with OLT, double-sided access is needed and two measurements must be performed

while with ACU inspection, only one is needed.
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Figure 47: CFRP-sample (thickness: 14.5 mm) with impact damage; a) ACU inspec-
tion, b) OLT phase image performed from the front side (phase 0.01 Hz); c) OLT
phase image performed from the rear side (phase 0.01 Hz) (sample kindly provided
by D. Almond; Materials Research Centre, University of Bath, UK).

In addition to the detection of impacts, it is important to know whether it is possible to
distinguish among different impact energy levels and the size of the impacts. There-
fore, a defect-free CFRP-plate was first inspected with ACU to make sure that there are
no imperfections in the plate (not shown in this study). Out of this plate, three samples
were made and impacted with three different energies. The damage caused by the
lowest impact energy of 329 mJ could not be detected with either linear nor with non-
linear ACU inspection (Figure 48). The damage caused by the two other impacts with
energies of 617 mJ and 986 mJ were detected with linear- and non-linear ultrasound

inspection. Likewise, other non-destructive testing techniques, such as optical lock-in
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thermography or non-linear vibrometry, were not able to identify the impact with the

lowest energy level but the other two impacts were also found [132].

impact energy level: | impact energy level: | impact energy level:
329 mJ 617 mJ 986 mJ

through-
transmission
image

non-linear
image

Figure 48: Comparison of impact damages with 3 different energy levels in CFRP-
samples (thickness: 2 mm) inspected with linear (top) and non-linear (bottom) ACU
techniques (displayed area: ~ 30 mm x 65 mm?).

By measuring the size of the impacts on the through-transmission images, it is found
that the size increases with increasing energy (617 mJ-impact: = 7 x 9 mm?, 986 mJ-
impact: ~ 12 x 15 mm?). Also, on the 2™ higher harmonic images, an increase of size
is seen. It is not possible to qualify the size, however, because the images are not as
sharp as in through-transmission. This result is caused by the two different physical
properties that are used to display the defects: First, linear ultrasound makes use of
reflection and transmission of waves at acoustical boundaries. Therefore, the entire

shape of this imperfection is seen because the interface behaves the same all over the
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additional surface (section 2.4). Second, non-linear ultrasound displays the relative
movement of the boundary (section 3.2). This movement may differ within the interface
because two surfaces may be close together. As a result the CAN threshold for non-
linear behaviour may be overcome. In other areas, though, the surfaces are separated

from each other so that the CAN threshold is not passed.

6.2.2 Delamination

In addition to impact damage, delaminations between two layers can occur in CFRP-
materials. The delamination of two layers can happen during the manufacturing proc-
ess because of a mould release agent that is commonly used to prevent the compo-
nent from sticking to the form. Delamination can also occur during use because of het-

erogeneous distribution of epoxy resin or by mechanical damage.

A 4
delaminations

Figure 49: CFRP-sample (size: 150 mm x 100 mm x 4 mm) with artificially made de-
laminations at the edges, with two impact damages, and with embedded foil; a) draw-
ing of the sample; b) linear ACU C-scan image; ¢) 3" higher harmonic image (funda-
mental frequency of 20 kHz).

The sample shown in Figure 49 a has three artificially made delaminations at the upper

edge, two impact damages, and an embedded foil. Artificially made defects are a pos-
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sibility to qualify non-destructive testing techniques (section 1.2). On the ACU C-scan
presentation, all defects are found (Figure 49 b). While on the 3™ harmonic image per-
formed with non-linear vibrometry (Figure 49 c [39]), only the impacts and the delami-
nations are found but not the embedded foil. It seems that the foil does not behave
non-linearly and is therefore not a source of higher harmonics. Measurements with
non-linear ACU failed because with the excitation via a glued-on piezo actuator, the
excitation amplitude was not high enough to pass the CAN threshold because the
sample was too thick and the surfaces of the interface were separated too much. The
inspection with non-linear viborometry was feasible because the sample was driven with
a modified welding sonotrode which was able to provide the amplitude needed. This
sonotrode is operated at 20 kHz and this is not suitable for the non-linear ultrasound
technique used in this study. For thinner samples, however, the piezo actuator provides
enough power to generate higher harmonics at delaminations. A CFRP-sample (cut out
of the defect-free CFRP-plate mentioned above) was first inspected with non-linear
ACU, with OLT, and with optical microscopy to make sure that no defect occurred dur-
ing the cutting process. With all three techniques, no delaminations were found. After
putting cyclic load (235 000 cycles; 10 MPa - 300 MPa) on the sample, delaminations
along the edges arose. They are detected with all three techniques (Figure 50). The
black circles on the OLT-phase images indicate the position of the piezo actuators
which are not shown on the non-linear images. This time linear air-coupled inspection
was not able to detect the delaminations because they were too close to the edges

(see also section 5.3) [132].
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CFRP-sample

non-linear air-coupled
ultrasound
2" harmonic image

optical lockin
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phase image (0.03 Hz)

before cyclic load
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Figure 50: Monitoring of the occurrence of delaminations caused by cyclic load at
CFRP-sample (sample size: 220 mm x 45 mm x 2 mm) with non-linear ACU (2™
harmonic image; column in the middle) and OLT phase images (0.03 Hz; column on

the right-hand side).
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6.2.3 Repaired CFRP-structure

circular patches on top of each other

7 ‘\Elﬁ/ L %A
rear m rectangular patches between stringers
B N stringers B

front surface

a) front surface (optical image) b) drawing of the component

P s.':.;_
c) rear surface (optical image) d) C-scan image (through transmission)

Figure 51: a) and c) Optical images of a repaired airplane component (sample size:
225 mm x 270 mm x 2 mm); b) drawing of the sample; d) ACU C-scan image in
through-transmission mode (sample kindly provided by R. Aoki; DLR, Stuttgart).

For quality assurance, it is not only important to detect defects but also to inspect re-

paired damage (e.g. impacts or delaminations) of CFRP-components and to monitor
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the quality of the result achieved with non-destructive testing methods. This monitoring
is also possible with ACU inspection as displayed in Figure 51 using a repaired airplane
component (thickness: 2 mm) with stringers. On the front side, two circular patches are
on top of each other (Figure 51 a, b) and on the rear side (Figure 51 b, c) there is a
rectangular patch that matches the stringers. The C-scan image (Figure 51 d) shows
the three patches, and illustrates that the result of the repair is very homogeneous. Fur-
thermore, a small glue spot (diameter: 3 mm; white rectangle) and a delamination (di-
ameter: 14 mm; white circle) can be detected. The dark horizontal lines on the C-scan
presentation are caused by the integrated stringers. A similar result was obtained by

OLT with multi frequency excitation [133], but the glue spot was not found.

6.3 Cure monitoring of epoxy resin and detecting disbonds in adhesive joints

In the automotive and aerospace industries, the use of adhesive bonding of compo-
nents is currently increasing in popularity. In modern cars, the joint length is about 100
m. Adhesive joining has many advantages over welding and riveting including higher
structural integrity, improved corrosion performance, reduced weight, and more flexibil-
ity in the design of components regarding materials and shapes. Also reduced manu-
facturing costs and the elimination of rivet-induced fatigue problems make adhesive
bonds an attractive possibility for joining. The use of adhesive bonding in safety rele-
vant structures has been slow partly because of the lack of reliable and predictable
non-destructive testing methods to monitor the cure process and to assure the condi-
tion of the bond. For quality assurance of industrial applications, though, it is essential
to know the quality of adhesive joints and to monitor the curing process. Many efforts
are ongoing in the non-destructive community to develop or to adapt testing tech-
niques. To monitor the cure process, such methods as mechanical spectroscopy of
metal bars [134], dielectric methods [135], infrared techniques [136], acoustic emission
[137] and the characterisation of the curing process [138] are discussed in the litera-
ture. Also ultrasound inspection methods are being used to examine the cure process
[139,140,141,142,143], as well as non-linear methods [144,145]. The disbonding
within an adhesive layer can be inspected by ultrasound wheel probes [146]. The focus
in this work has been to find out if it is possible to monitor the curing process, to distin-

guish among different mixture ratios of the binder to the hardener, as well as to detect
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disbonding with ACU inspection. Therefore, a sample was made that is shown in
Figure 52.

epoxy resin
7\
/ \ ~— adherends

// _ —  PMMA-plates
< rubber ring
/
7thickness of the adherends: 4 mm

1:9/ 1:1 R

disbond thickness of the adhesive layer: 1.5 mm

Figure 52: Sample used for inspection of the quality of adhesive joints. The ratio
binder/hardener (epoxy resin) was 1:9, 1:1, and 9:1 (from left to right).

Two PMMA-plates were joined together with a two-component epoxy resin (UHU plus
schnellfest) that was filled inside the three rubber rings. The rubber rings are used to
achieve a constant thickness of the adhesive layer and to simulate artificial disbond
between the rings. The optimal mixture ratio of both components of the epoxy resin is
1:1. In order to distinguish among different ratios of the two components, three different
ratios 1:9, 1:1, and 9:1 were chosen (Figure 52). During the curing process, a line scan
across all three rings was performed after certain times. The change of amplitude is
shown in Figure 53. Immediately after mixing the two components together, the ampli-
tudes of the ultrasound signals transmitted through the adhesives with the ratios 1:9
and 9:1 are higher than through the resin with the mixing ratio of 1:1 (up to three min-
utes). After five minutes, the situation changes and the transmitted amplitudes through
the resin with the ratio 1:1 are higher than through the others. Also at the beginning of
the curing process, the amplitudes at the boundaries are slightly higher than those in
the middle of the resin-filled rings. Between 15 and 40 minutes (total curing time ac-
cording to the manufacturer: 20 minutes), no significant change across the adhesive in
the middle is seen. This behaviour was also found by recording of higher harmonics

with a laser-vibrometer during the curing process [147].
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curing of epoxy resin

echo dynamics [dB]

Figure 53: Changes of ultrasound amplitude during cure process of different mixture
ratios of a two-component epoxy resin (1:9, 1:1, 9:1).

The amplitudes of the incorrectly mixed resins are still increasing for times greater than
15 minutes. Across the artificial disbonds between the rubber rings, the ultrasound am-
plitude is always below the bonded areas. The two primary reasons for the increase of

amplitude during the curing process are

1. the increase of the sound velocity ¢ and thereby the increase of the acoustical
impedance Z and

2. the decrease of the sound attenuation.

Both changes occurred because of the increase of the stiffness caused by the cross-
linking of the epoxy resin during the curing process. The measurement of the sample
shown in Figure 52 equals the transmission of an incident beam through a plate de-
scribed in section 2.5. In this case the surrounding medium is PMMA and the adhesive
is the medium in-between. An increase of velocity ¢ and therefore of Z reduces the re-
flection coefficient and as a result increases the transmission coefficient. At the end of
the process, the acoustic impedance Z of the fully-cured epoxy resin (ratio 1:1) reaches
a value of approximately 2.6+10° kg/m?s — 3.6+10° kg/m?s [41] and is close to the
impedance of PMMA (Z = 3.1%10° kg/m?s — 3.3%10° kg/m?s [41]). The resin that is not
fully-cured (ratio 9:1) does not reach the stiffness of the fully-cured adhesive because

the molecular chains are still able to move (relaxation processes) and are not totally
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cross-linked because of an insufficient amount of hardener. As a result, the sound at-
tenuation is greater and therefore the amplitude is lower. The binder (epoxy that be-
comes cross-linked) of the adhesive with the mixing ratio of 1:9 becomes fully cross-
linked because there is only a small amount of the binder and much more hardener
that cannot react. The decrease of the sound amplitude is caused by the hardener in

this case.

6.4 Honeycomb sandwich structures

Honeycomb structures are suited for lightweight construction if high flexural rigidity,
high geometrical moment of inertia, and low weight are needed. Components made out
of this type of structures are used for such things as airplanes or helicopters. For ultra-
sound inspections, through-transmission mode with low frequency is appropriate be-
cause of the complicated structure with a lot of boundaries. Air-coupled inspections of
impact damages [148], defects in the honeycomb core [149], and solar honeycomb
panels [150] have been made previously. The focus in this work has been to detect
disbond between skin and cells as well as to detect inclusions like resin agglomerations
or water. For example, during the process of joining the surface layers with the honey-
comb body, the cells might be filled with resin. If this happens, the stiffness properties
of the structure are changed and the weight is increased. In a sample (thickness: 13
mm), there is an artificial disbond between the honeycomb body (honeycomb 3.2-64
T=12 mm) and the surface layer made out of CFRP (Figure 54 a). Also, several cells
are filled with adhesive. On the ACU C-scan image, the disbonding (dark rectangle)
and the filled honeycombs (bright area) are detectable (Figure 54 b) [151]. The addi-
tional boundary of the disbonding causes a decrease of the transmitted signal and
therefore the not bonded area appears black on the image. In contrast, the filled cells
(bright area) are related to an increase of signal in comparison to the empty ones due

to the lack of air inside the cells.
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Figure 54: Drawing (a) and ACU C-scan image (b) of a honeycomb structure (sample
size: 1560 mm x 280 mm x 13 mm) with artificial disbond and with glue filled honey-
combs (sample kindly provided by D. Keller; Euro-Composites S.A., Luxemburg).

Temperature differences between the inside and the outside of an airplane can cause
condensation of air-humidity and moisture along the inner wall. This water may pene-
trate into the honeycomb core. Freezing water inside the cells can damage the honey-
comb structure. Standard ultrasound inspection with water as a liquid coupling medium
is not appropriate because of additional possible water penetration into the honeycomb
core. The ACU C-scan presentation (Figure 55) shows the difference between water-
filled (bright spots) and empty cells. Similar and comparable results on water- filled

honeycomb structures were obtained with OLT [37].
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Figure 55: C-scan image (scanned area: 100 mm x 120 mm) of a honeycomb struc-
ture (GFRP- and CFRP-layers), some honeycombs are filled with water (bright
spots).

6.5 Multi-Layer Ceramics

Ceramics are the best choice whenever material strength is required at high tempera-
tures where metals and all other kinds of materials fail. The history of modern ceramics
dates back to the 1960s when synthetic ceramics were developed with silicon as a pri-
mary ingredient in the form of Silicon Carbide (SiC) and Silicon Nitride (SisN4). These
materials have good physical, mechanical, and friction properties, as well as tempera-
ture resistance [152]. Also in the 1950s and in the 1960s, carbon fibre reinforced car-
bon (Carbon/Carbon, C/C) was developed in the United States and in the Soviet Union
[153]. A combination of these two ceramics leads to a new class of materials called
Carbon-Carbon Silicon Carbide (C/C-SiC or C/SiC). These are carbon fibre reinforced
composites with a ceramic matrix, mostly silicon carbide. In 1988, major research was
begun in Germany in the field of C/C-SiC [153]. This high performance and high tem-
perature resistant material (up to 1800°C) offers many new applications due to both the
reduced brittleness (caused by the embedded fibres) and the low density (1.8 — 2.0
g/cm?; depending on the porosity). The density is even lower than that of Aluminium
(2.7 g/cm?). All these properties make C/C-SiC a candidate material for space technol-
ogy (e.g. heat protecting components [154] or steering flaps of re-entry space vehicles
[155]) or vehicle technology (e.g. break discs [156]). Therefore reliable non contact

testing techniques are needed.
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6.5.1 Monitoring the production process of C/C-SiC.

An optical image of the C/C-SiC material is displayed in the upper left of Figure 56
[157]. The material is black (carbon) with metallic reflections (silicon). With ACU, it is
possible to monitor the production process steps without using water, which can be

absorbed by the material.
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Figure 56: Monitoring the production process of fibre-reinforced ceramic (C/C-SiC)
with ACU performed on one plate (from upper right image to lower left image; size of
the sample: 300 mm x 300mm x 8 mm) (sample kindly provided by R. Aoki; DLR,
Stuttgart).

Figure 56 illustrates various steps of the production process that need to be understood
in order to produce defect-free components, which is a major point in modern quality
assurance. The process called “Liquid Silicon Infiltration” (LSI) [158] starts with CFRP.
In this first step, the carbon fibre structure (e.g. layers) is infiltrated with liquid precursor
(resin) under pressure (5 — 20 bar) and at a temperature of 200°C in an autoclave and
then cured. Because of combined imbuing and curing in a closed system, three-
dimensional structures are easy to make. On the ACU C-scan presentation of CFRP
(Figure 56, upper right image), differences in density are detected. During the following
pyrolysis step in a Nitrogen atmosphere (to prevent the oxidation of Carbon), with no
pressure and at a temperature of 900°C, the material is transferred into the C/C-phase
because the resin is turned into carbon, hydrogen and nitrogen become NHj. On the

ACU C-scan image (Figure 56, lower right image), changes in density and in porosity
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are seen between the CFRP-phase and the C/C-phase. C/C-ceramics have a very high
sound attenuation level because of their high porosity. This result was expected be-
cause CFRP is converted into an amorphous carbon matrix with high capillarity and
trans-laminar micro cracks. In the last step, liquid silicon is infiltrated into this porous
material at 1550°C and under vacuum. Because of capillary attraction, cracks and
holes are filled. In addition a chemical reaction takes place; carbon and silicon are
transformed into silicon carbide (SiC). Surprisingly, after infiltration, the initially hetero-

geneous material is very homogeneous (Figure 56, lower left image).

6.5.2 Heterogeneous distribution of Si and SiC

What does a heterogeneous distribution of Si look like and can it be detected with
ACU? An inadequate infiltration of Si into C/C is related to a heterogeneous stiffness of
the material. Low SiC-content areas have a greater porosity and occur mainly in the
centre and in thicker parts because Si is diffusing in from the surfaces. This situation is
a potential source of defects. Figure 57 presents the result of a C/C-SiC ceramic sam-

ple with heterogeneous distribution of the Si content.

a)

Figure 57: Detection of heterogeneous distribution of Si inside a C/C-SiC-sample
(thickness: 6 mm); a) optical image of the front side (changes of Si-content not visi-
ble); b) ACU C-scan image (variations of Si-content are detected; scanned area: 120
mm x 120 mm); c) optical image of the rear side (changes of Si-content are visible)
(sample kindly provided by B. Benitsch and R. Aoki; DLR, Stuttgart).

On the front surface (Figure 57 a), nothing can be seen by naked eye. But on the ACU
C-scan presentation (Figure 57 b), the changes of density that are related to varying
transmission and absorptions coefficients are detected. The poorly infiltrated area ap-

pears darker because of lower density so that a lower signal is transmitted because of
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lower transmission and higher absorption coefficients. On the rear side, the area with

lower Si-content is seen (Figure 57 c).

6.5.3 Delaminations

In addition to monitoring the production process, the structural integrity of the final
product is a major topic of concern if safety-relevant applications are considered. Thus,
it is important to detect defects during each step of the manufacturing process. Be-
cause carbon fibre reinforced ceramic consists of layers, delaminations can occur dur-
ing the manufacturing process or later during use if silicon is not distributed homogene-
ously during the infiltration step (section 6.5.1). To prove the ability of ACU techniques
to detect delaminations in all steps of the production process, three plates made of
CFRP, C/C, and C/C-SiC, each with artificial delaminations open to the edge, were in-
spected. With water-coupling, these measurements would be difficult to perform be-

cause water would penetrate into the delaminations.

a) CFRP b) C/C

c) C/C-SiC

Figure 58: ACU C-scan presentations of artificial delaminations (dark areas) open to
the edge; a) in CFRP; b) in C/C-phase; c) of a C/C-SiC ceramic (thickness of each of
the three samples: 8 mm; scanned area: 295 mm x 135 mm) (samples kindly pro-
vided by B. Benitsch; DLR, Stuttgart).
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Figure 58 a shows an ACU C-scan image of an artificial half-circle delamination in
CFRP and an embedded rectangular foil. Also the delaminated areas of the samples
made of C/C and C/C-SiC [129] (Figure 58 b, c) are seen. The black area in the up-
per right of the ACU C-scan image of the C/C-SiC sample is caused by the curvature
of the sample. Thus, it is possible to inspect samples of all three manufacturing

steps.
6.5.4 Disbond

During the infiltration step (section 6.5.1), it is possible to use silicon as “glue” so that
the parts are joined together without any interface because the interface will become a
homogeneous part of the material. This “in-situ” technique has its limitations if the com-

ponent is too complicated in structure or too thick so that silicon is not absorbed well

and disbond between joint interfaces may occur.

disbond

Figure 59: C/C-SiC ceramic sample with disbond (thickness of each plate: 8 mm;
scanned area: 240 mm x 90 mm); ACU C-scan image (top), optical lockin thermogra-
phy, phase image (0.06 Hz, bottom) (sample kindly provided by B. Benitsch; DLR,
Stuttgart).
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The sample (Figure 59) consists of three plates shifted with respect to each other be-
fore they were joined together with an artificially made delamination between two layers
in the middle. The defect can be detected and seen in the middle of the ACU C-scan
image (Figure 59 top, white rectangle). The thickness variations of the sample along
the upper and lower edge are shown by bright and dark horizontal lines [129]. An OLT
phase image (Figure 59 bottom; measurement kindly performed by A. Dillenz; IKP,
University of Stuttgart) also displays the variation in thickness and the delamination
(white rectangle). The size of the disbond appears much larger because the thermal
wave image is the convolution of the true structure with the thermal wave while ultra-

sound is sensitive to local impedance variations.

6.6 Shape adaptive Structures — “Smart Structures”

Piezo ceramics are used not only to generate or to detect ultrasound waves, but also
for shape adaptive structures (“smart structures”) which consist of piezo ceramics that
are embedded into CFRP- or GFRP-materials. The piezo ceramic can be operated
both as a sensor to monitor external stimuluses as well as a structural actuator: when
voltage is applied, it changes its form along with that of the material around it, and
therefore adjusts the geometry of the components to flexible needs [159]. These oppor-

tunities offer interesting new purposes in aerospace applications.

Current developments in the manufacture of shape adaptive helicopter rotor blades use
piezo ceramics to torque blades. The piezo ceramics must to be adjusted to the up-
stream and downstream situations with respect to the air during each rotation while the
helicopter flies forward [160]. Thus, aerodynamics are enhanced and the total vibration
of a helicopter can be reduced to make it more comfortable for passengers and to save
fuel [161]. Other developments for airplane applications, such as horizontal and vertical
stabilizer or wing flaps, are used to optimise the lift so that airplanes take off faster and

the noise level around airports can be reduced [161,162].

These structures also must be inspected with non-destructive testing techniques be-
cause piezo ceramic, which is very brittle, is embedded into fibre reinforced polymer
material. Due to voltage, integrated wires, and electronics, it is not appropriate to

measure such structures in a water bath. Therefore, ACU offers new possibilities.
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6.6.1 Detection of delaminations and structures in shape adaptive components

The embedding of the piezo ceramic into a polymer laminate is a problem because two
materials with different elastic properties are combined. Two defects that may occur

are
e delaminations in the laminate itself and

e delaminations between the interface laminate/ceramic.

A sample (CFRP-laminate) in which four actuators are integrated is shown in Figure 60
a. To simulate such defects, two Teflon® sheets on top of each other were embedded
first on top of an actuator (upper right circle; Figure 60 a) and second in the laminate

itself (lower left circle; Figure 60 a).
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Figure 60: a) Optical image of shape adaptive structure (size: 1562 mm x 300 mm x 2
mm) with 4 embedded actuators A to D [131]; b) ACU C-scan presentation of the
structure (before loading and before delamination is opened, lower left corner; 1-2:
echo dynamic curve across the delamination; Figure 61); ¢) ACU C-scan presenta-
tion of the structure (after loading which opened the delamination, lower left corner;
1-2: echo dynamic curve across the delamination; Figure 61); d) ACU C-scan images
(scanned area: 756 mm x 40 mm) of two actuators. Variable black areas on the ACU
C-scan presentations are caused by tape used to attach wires on the structure (sam-
ple kindly provided by J. Duerr; EADS Dornier GmbH, Friedrichshafen).
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The ACU C-scan images (Figure 60 b, c) display the difference between the intact ac-
tuators (C, D) and the damaged (A, B) ones, as well as the artificial defect inside the
laminate [131]. A close look at the ACU C-scan presentation of actuator A (Figure 60 d,
top) shows damage caused by electrical overload. The enlarged C-scan image of ac-
tuator C (Figure 60 d, bottom) also shows the structure due to electrical contacts, a
rectangular spacer made out of plastic, and resin agglomerations around the actuator
[129]. The delamination in Figure 60 b (lower left) can barely be seen because the
boundaries were sticking together. With optical lockin thermography, the same features
are detected [163] except the damage caused by electrical overload. By bending the
sample, this defect was opened and could be detected with a higher contrast to the
surrounding material in the C-scan image (Figure 60 c). This aspect is proved in Figure
61 in which the echo dynamic curve of the transmitted signal across the defect is

shown before and after the bending test (1-2: Figure 60 b and c).
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Figure 61: Echo-dynamic curve across an artificial delamination before and after
bending test (1-2: Figure 60 b and c).

Before, the amplitudes across the imperfection are slightly higher than the amplitudes
at the surrounding because in this area fibres are replaced by foil. Additionally, at the
boundaries there are two peaks in amplitude. This slight increase may be due to a
higher transmission coefficient (section 2.5) because of a specific d/A-ratio of the two
sticking together foils. After putting load on the laminate, there is an amplitude de-

crease by up to 25 dB due to impedance mismatch of the opened delamination. This
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result confirms the opportunity to monitor load-induced changes in defects. The major
disadvantage of the transmission arrangement is that access from both sides of the
component is needed. This disadvantage is avoided if the integrated actuator itself is

used as transmitter (Figure 62).

X
y
excitation at .
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|’ 450 kHz 450 kHz
\
embedded delamination

actuator

Figure 62: Embedded actuator used as transmitter for ACU inspection.

For comparison, the artificial delamination in the CFRP-laminate (Figure 60 a) was first
measured in ACU transmission mode (Figure 63 a). Afterwards, the nearby actuator
was operated as transmitter (driven by 450 kHz) to match the narrow-band receiver.
The delamination is seen (Figure 63 b; black area) because waves do not propagate
across the defect due to impedance mismatch between the laminate and the imperfec-
tion [164].

a)

Figure 63: a) ACU C-scan image: artificial delamination measured in transmission
mode; b) Scan image performed on the same delamination using the nearby piezo
ceramic as transmitter (Figure 60 a); scanned area: 76 mm x 40 mm.

This technique can be applied not only for monitoring artificial delaminations but also
for inspection of defects caused by overload during use. The defect occurred on top of
an actuator embedded in a unidirectional GFRP-laminate (Figure 64 a). The delamina-
tion is detected on the ACU C-scan image measured in through-transmission (Figure

64 b), as well as on the image performed with the actuator used as transmitter (Figure
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64 c). The image is not as sharp as the one performed in through-transmission be-
cause the waves are travelling from the embedded actuator to the delamination and the

excitation therefore is not focused in one spot.

b) through-transmission mode c¢) actuator used as transmitter

Figure 64: a) Optical image of shape adaptive structure (GFRP) with a delamination
on top of an actuator caused by load; b) ACU C-scan image of the structure (through-
transmission mode); c¢) scan image of the structure (scanned area: 28 mm x 60 mm)
(sample kindly provided by M. Flock; Institut fuer Flugzeugbau, University of Stutt-
gart).

These two images display either the entire structure (the piezo ceramic and the de-
lamination) or the delamination and the piezo ceramic. The more interesting question is
whether this defect can also be selectively detected with non-linearity. To test the idea,
the piezo ceramic was driven by 225 kHz, which has the receiving frequency of 450
kHz as a higher harmonic. On the 2™ harmonic image (Figure 65 a), the defect shows
up selectively. Around the defect, there is only noise, while the delamination produces
higher harmonics. Also, higher harmonics caused by the poorly-embedded actuator are

recorded.
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2" harmonic image: no higher harmonic:

excitation frequency 225 kHz; excitation frequency 320 kHz;
receiving frequency 450 kHz receiving frequency 450 kHz
a) b)

Figure 65: Detection of higher harmonics on a shape adaptive structure with delami-
nation and with not-well-embedded actuator; a) 2" harmonic image, b) image with
excitation frequency of 320 kHz (scanned area: 28 mm x 60 mm).

For further verifications of the defect-selective character of non-linear ACU inspection,

a defect free GFRP-structure (Figure 66 a, b) was inspected in the same way.

throuéh-transhision

2" harmonic image:  no higher harmonic:

mode excitation frequency excitation frequency
225 kHz; receiving fre- 320 kHz; receiving fre-
quency 450 kHz quency 450 kHz
a) b) c) d)

Figure 66: Reference inspection of a defect-free shape adaptive structure; a) optical
image, b) ACU C-scan image, c) 2" harmonic image, d) ACU image with excitation
frequency of 320 kHz (scanned area: 50 mm x 80 mm).
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For comparison, the same sample was inspected with a driving frequency of 320 kHz
(close to the maximum sensitivity at 450 kHz, and no higher harmonic at 450 kHz). The
image (Figure 65 b) displays only noise [164]. Thus, this result is indicating that the

overtone is involved in image generation and not the fundamental frequency.

Because no harmonics were found (Figure 66 c, d), the defect-selective character of

non-linearity is confirmed [164].

6.6.2 Detection of cracks in shape adaptive structures

As mentioned above, it is difficult to embed actuators into the laminate. The brittle piezo
ceramic may break because of slight variations in roughness of the two layers between
which it is fixed [165]. The embedded actuator can also be used to monitor cracks in

the actuator itself. Measurements in water bath are reported in literature [166].

The air-coupled system provides the advantage that the shape adaptive structure does
not need to be removed from a component in order to be measured in a water bath.
The samples are GFRP-laminates (0° and 90°- fibre orientation) [167]. On the x-ray
image (Figure 67 a), cracks of a defective piezo ceramic are shown. The scan (Figure
67 b) across this broken actuator, in which the actuator is operated by 450 kHz, dis-
plays only the connected part of it. The cracks prevent the entire actuator from vibrat-
ing. In comparison, on the C-scan image (Figure 67 c) performed in through-
transmission mode, the cracks cannot be seen. The differences in contrast across the
piezo ceramic are caused by heating wires being allowed to change the embedding
conditions. In comparison, the entire crack-free actuator (x-ray image in Figure 68 a)
can be seen on the scan image in which the actuator is used as a transmitter because
the complete ceramic oscillates (Figure 68 b). On the image performed in through-
transmission mode (Figure 68 c), the piezo ceramic looks much more homogeneous

because no heating wires are embedded in this sample.
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b) ACU scan image (actua- c) ACU C-s:cah image
tor as transmitter) (through- transmission
mode)

Figure 67: Monitoring of a defect shape adaptive structure using various kinds of in-
spection techniques [167] (scanned area: 30 mm x 60 mm).

a) x-ray iage
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a) x-ray image b) ACU scan image c) ACU c-scan image
(actuator as transmitter) (through-transmission
mode)

Figure 68: Reference measurement to Figure 67: Monitoring of an intact shape adap-
tive structure using various kinds of inspection techniques (scanned area: 30 mm x
60 mm) [167].
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With increasing temperature the difference between the connected and disconnected
parts becomes clearer because of increasing damping of the heated thermoplastic sur-

rounding. As a result, the waves do not propagate further.

150
100

500

20°C 50° C
Figure 69: Monitoring of a defective shape adaptive structure during heating of the
surrounding (ACU images; scanned area: 30 mm x 60 mm) [167].
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7 Conclusions and Implications

7.1 Conclusions

This study demonstrates the ability of linear and non-linear ACU inspection as a new

NDT tool for quality assurance. The scope of this thesis is to establish this novel non-

contact technique into a non-destructive testing laboratory as well as to investigate both

the potential and the limitations for industrial applications. Therefore, a variety of differ-

ent materials and components were inspected and the results were compared with

those of other established NDT techniques. These include:

The results obtained on different kinds of materials would have been more diffi-

cult or even impossible to achieve in a water tank.

Wood can be inspected and the annual structure, artificially made holes, hidden
invisible knots, and the lack of glue in the interface between wood and the sur-
face layer in wood veneer samples can be found. All features were clearly de-
tected. These measurements are of great interest for the wood industry because

they are performed by contact-free scanning across surfaces.

CFRP is increasingly replacing metals, especially in aerospace applications. The
wide potential of ACU techniques was proved by inspection of impact damages
and delaminations between layers, which are the two most common defects of
this new material. Also the ability to inspect repaired airplane components was
successfully demonstrated. The results achieved with linear and non-linear ACU
were compared with other techniques like ULT, OLT, optical microscopy, LSM,
and non-linear vibrometry. All features found with these other techniques were
also found either by linear or non-linear air-coupled techniques, or by both.
Some additional information about the defects, like the core of impact damage,
were found with ULT and with linear ACU, but not with the non-linear ACU and
not with non-linear vibrometry. Linear ACU also allows the extent of defects to
be measured, which is not possible with non-linear methods and only feasible

with OLT with a reference and if the thermal conductivity is considered. In addi-



132

CONCLUSIONS AND IMPLICATIONS

tion, in order to get an idea of the extent of a defect with OLT, two measure-
ments from both sides of the sample are needed, while in through-transmission
ultrasound technique, one measurement is sufficient. An artificially embedded
foil was detected with linear air-couple ultrasound but not with non-linear meth-
ods. Non-linear ACU selectively detects impact damages and delaminations in

Some cases.

Honeycomb sandwich structures are suited for lightweight construction. The fo-
cus in this work has been to detect disbond between skin and cells as well as to
detect inclusions like resin agglomerations or water. All these three faults are
detectable with linear ACU and this technique can compete with OLT which de-

tects the same features.

The monitoring of the curing process of epoxy resin, the ability to distinguish
among different mixing ratios, and to detect disbonding is important to know for
industry because more and more joining is done by gluing. In this case, ACU is

a suitable technique that does not have an effect on the curing process.

C/C-SiC is a newly developed and very promising material for high temperature
resistant and safety-relevant components. Because major efforts are going on in
characterizing this high potential material, improved testing techniques are also
needed. The entire manufacturing process can be monitored which helps to un-
derstand the process. Also, defects like delaminations open to the edge can be
identified in the CFRP, in the C/C, and in the C/C-SiC step. In addition to de-
laminations, heterogenic contribution of silicon content and disbonding of joined
layers are also found. Other NDT techniques like OLT offer the same possibili-
ties, but defect-selective methods like ULT and non-linear vibrometry are difficult
to perform in the C/C-step because of the high output power of the sonotrode
that must be clamped to the sample. Thus, there is a risk that the very brittle

material (carbon) may become damaged.

An interesting and exiting application for linear and non-linear ACU is monitoring
of shape adaptive structures. In through-transmission mode, the structural integ-
rity can be inspected in order to identify the position of actuators, delaminations

on top of piezo-actuators, and in the laminate, as well as damages caused by
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electrical overload. Also measurements at an artificially made delamination be-

fore and after bending tests prove the ability of ACU to monitor changes in de-

fects during the usage of a component. More advanced inspections can be per-

formed by using the embedded actuator itself as excitation source and to re-

ceive the signals with the receiver head. Thus, it is possible to detect broken ce-

ramic actuators, delaminations on top of the piezo ceramic, and nearby delami-

nations. The next step in such monitoring is non-linear ultrasound to detect de-

fects selectively. In all the cases mentioned above, the air-coupled technique is

able to compete with other NDT methods which achieve equal results.

What general conclusions can be drawn out of the successfully obtained results? Are

major demands of modern quality assurance (section 1.1) fulfilled and what are the

limitations? Answers to these questions are summarized in the following table:

demands of
modern quality
assurance

air-coupled ultrasound inspection technique

linear

non-linear

knowledge of limi-
tations

through-transmission tech-
nique, displays the structure
and possible defects

access from both sides of the
sample is needed

CAN threshold for non-
linearity needs to be passed

no effect of the in-
spection method on
the result (distur-
bance)

remote and non-contact
method

remote but not a non-contact
method if an excitation
sourced is attached

comparable to
other inspection
techniques

can easily compete with other
NDT methods

after further research it can
easily compete with other NDT
methods

cost-effective
methods

in comparison to other tech-
niques the investment costs
for equipment are lower

in comparison to non-linear
vibrometry the investment
costs are lower
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FMEA: requires the
ability and a possi-
bility to evaluate
the probability of
detection

ability to detect all sorts of hid-
den defects in all kinds of ma-
terials and components

ability to detect such kinds of
defects which respond non-
linear to an excitation (e.g.
clapping boundary)

SPC: collecting
dates for process
control

evaluations of size of defects
and amount of defects

evaluation of size of defects
and amount of defects is more
difficult than in linear mode

easy to under-
stand, no additional
sources of faults
because of lack of
knowledge or incor-
rect calculations

easy to perform like standard
ultrasound inspection but
without liquid

easy to handle and to under-
stand because only changes
of amplitude are considered,
displayed with the help of a
colour bar, and no further cal
culations are needed

fast, defect-selective method

certain knowledge is needed
to perform measurements

fully understood
processes

monitoring production proc-
esses is possible

monitoring production proc-
esses is conceivable

cross-linked feed-
back loops of qual-
ity assurance

can be implemented into the
loop

can be implemented into the
loop

monitoring of exist-
ing defects

monitoring changes of defects
is possible

monitoring changes of defects
is possible

monitoring along
the entire life-cycle
of a product

can be used as a tool for qual-
ity assurance at all steps of
the life-cycle of a product es-
pecially during manufacturing
and in after sales service

can be used as a tool for qual-
ity assurance at all steps of
the life-cycle of a product es-
pecially during manufacturing
and in after sales service

Table 10: Comparison of demands of modern quality assurance with the potentials of
linear and non-linear ACU inspection technique

7.2 Implications

Detailed research work has been conducted that presents various uses of ACU tech-

niques. Many of these remain as interesting topics for further study. Linear ACU in-

spection has been restricted to the evaluation of changes of amplitudes caused by in-

clusions. Phase analyses would offer an increased sensitivity and would enhance the

probability of detection as well as offer new possibilities to monitor growth of defects.

Further investigations are also conceivable in the field of non-destructive testing of

metals and of food.
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In addition, this study demonstrates the first very promising results obtained with non-
linear ACU. The measurements, however, are performed partly by glued-on actuators
and the excitation amplitude is sometimes not high enough to pass the non-linear
threshold. These limitations can be overcome in future by using a piezo stack clamped
to the sample or by using two different transducers, a transmitter with a certain narrow
band frequency (fundamental frequency) and a receiver with a centre frequency tuned
to an overtone of the fundamental frequency. Nonetheless, the results obtained with
linear and non-linear techniques are very encouraging and are important steps to over-

come the lack of knowledge of this new promising method.

This thesis describes in detail the importance of a matching layer for air-coupled ultra-
sound transducers (section 2.6 and section 5.2). It suggests that if a matching layer is
used for the transducer/air boundary, then one should also be used for the air/sample
boundary for an additional reduction of losses. Using this idea, measurements were
first performed with a PMMA-sample onto which textile adhesive tape strips were fixed
on the surface. This kind of tape was chosen because it is expected to have an imped-
ance value that is between the value for air and for PMMA. One strip was fixed on the
front side (Figure 70; left), another one on the upper side and also one on the rear side
(Figure 70; middle). The last strip was fixed to the rear side (Figure 70; right). The echo
dynamic curve across the sample is shown in Figure 70 bottom. By using one strip,
either on the rear or on the front side, the transmitted signal increases by around 10 dB
to 11 dB. The doubled-sided arrangement even increases the sound amplitude up to
14 dB. These results are promising and can be the basis for further investigation in this
direction. This may also be an interesting solution for measurements of highly sound-
absorbent samples and for metals, which have higher impedance than plastics. These
results can also be of interest for other non-destructive testing techniques such as ul-
trasound lockin thermography (ULT) or for measuring the transfer function of waves.

Both techniques must couple elastic waves into a sample.
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Figure 70: Measurements with textile adhesive tape strips used as matching layer at
the air/sample boundary to reduce the losses. The experimental set-up is shown on
the top. The echo dynamic curve of the transmitted ultrasound signal is shown on the
bottom of this figure.
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