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ABSTRACT

The subject of this diploma thesis is the nondestructive inspection of a CFRP (Carbon
Fiber Reinforced Polymer) wound tubular specimen through the ultrasonic technique, in
order to detect teflon defects that simulate voids between laminates. Through A-Scan and C-
Scan illustrations depth of the defects was specified.

More specifically, at the beginning it was necessary to get acquainted with the ultrasonic
theory and equipment. After this preparation, an axial system was defined on the cylinder so
that the theoretical position of the defects could be visually determined. The system
contained the angle and the longitudinal position of the defects on the cylinder. This set the
start of the experimental procedure, which continued with the approximation of the
longitudinal sound velocity inside the specimen.

Then ultrasonic examination of the specimen began with the first method. Contact
transducers were used to scan the areas of interest at the depth of each defect. According to
the axes defined on the cylinder the area of the defect was detected. Then the signal from
this area was compared with the signal of a neighboring “healthy” area. If any extra echo
occurred at the depth of interest, the defect was considered to be detected. Several trials
took place with various contact transducers, until the final ones were chosen. A-Scan
illustration was used to present the results.

The second method used for the experimental procedure was the testing of the specimen
with the use of an immersion tank. The specimen was sunk in the tank and an immersion
transducer was scanning a rectangular area of the cylinder, according to the settings that the
user applied. After several trials the final transducers were chosen. The recognition of the
defects was allowed due to the 2D illustration that C-Scan provides.

Comparing the results of these two methods with each other and with the theoretical
data, the reliability of each measurement was evaluated and conclusions were made.



1. COMPOSITE MATERIALS

Composite materials are defined as macroscopic combinations of two or more distinct
materials having a discrete and recognizable interface separating them. Thus composites are
heterogeneous materials, and many are naturally occurring; the most common is wood [1].

1.1 Structure and Manufacturing of Composites

The categorization of composite materials according to their structure is fibrous,
particulate and laminated composites. For fibrous composites fibers have been introduced in
the matrix. Fibers can be in different forms, e.qg. fabrics, rovings etc. Particulate composites
are consisted of tiny particles embedded inside the matrix and laminated composites are
materials that are consisted of laminates of two or more different materials. Matrices can be
organic, ceramic or metallic. This thesis deals with a specimen with organic matrix, which is
resin. The resin can be epoxy, polyester, vinyl ester etc. Epoxy resins are very popular in
marine, because of their low water absorption, better mechanical properties and their good
behavior during automated methods. A negative aspect though is their high cost [2] [3].

There are numerous methods for fabricating composite components. Hand lay-up is the
most basic, where layers (plies) of dry fabrics are being placed by hand onto a tool to form a
laminate stack. Resin is applied to the dry plies after layup is complete. Other methods are
open molding, resin infusion processes, high-volume molding methods etc [4].

The last category contains the method of this thesis’ interest, which is called filament
winding. This procedure is an efficient and low-cost method, which provides products with
better mechanical properties through the use of continuous fibers. Continuous fibers, as tows
or rovings, dry or preimpregnated with resin, are pulled from fiber packages in a creel, guided
through a mixed-resin impregnating system (if fibers are dry), and then formed into a flat
band. A filament winding machine has a fiber-band-dispensing carriage that traverses from
one end of the form (mandrel, Figure 1.1) to the other (called a pass) and back again
(completing a circuit). This motion alternately places a plus-angle fiber band in one direction
and a minus-fiber band in the reverse direction as the form revolves. This sequence is
repeated as required for either thickness or number of plies. Next, the form and winding are
heated or otherwise treated to cure the resin. The tooling is removed from the winding, and
finishing operations, if any, are performed [5].

Filament winding has plenty of advantages, as it is provides products with the cheapest
and strongest form of fiber reinforcement. This method enables to orient the fibers to the
direction of the stresses in the structure, leading to better behavior under mechanical stress.
Furthermore, it is a high automated procedure with excellent control, meaning not only low
production costs, as well as great productivity and low scrap rates. Products are always less
in weight and can be less in cost than those of metal. The negative aspects of this method
are also significant. There is a limitation at the shape of the products and often the outer
surface is not smooth. It is also difficult or even impossible to remove the mandrel from a
closed end winding [5][6].
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Figure 1.1 Filament-wound (FW) mandrel.

1.2 Advantages of Composite Materials

The first advantage is the light weight. Composites are light in weight, compared to most
woods and metals. Their lightness is important in applications, where less weight means
better fuel efficiency. Additionally, composites can be designed to be far stronger than
aluminum or steel. Metals are equally strong in all directions, but composites can be
engineered and designed to be strong in a specific direction. Strength Related to Weight ratio
is a material’s strength in relation to how much it weighs. Steel for example is very strong
and heavy. Other materials can be strong and light. Such an example is composite materials
that can be designed to be both strong and light. A composite can be made to resist bending
in one direction, for example. In the case of a metal construction that greater strength is
needed in one direction, the material usually must be made thicker. This adds weight to the
construction. Composites can be strong without being heavy and have the highest strength-
to-weight ratios in structures today. Corrosion resistance is also a very positive aspect of
composites. They resist damage from the weather and from harsh chemicals that can eat
away at other materials. Composites are good choices where chemicals are handled or
stored. Outdoors, they stand up to severe weather and wide changes in temperature.
Furthermore, composites can be made to absorb impacts (e.g. the blast from an explosion)
efficiently. In many applications materials with high design flexibility are needed. Composites
can be molded into complicated shapes more easily than most other materials. This gives
designers the freedom to create almost any shape or form. Most recreational boats today, for
example, are built from fiberglass composites because these materials can easily be molded
into complex shapes, which improve boat design while lowering costs. The surface of
composites can also be molded to mimic any surface finish or texture, from smooth to
pebbly. Designers pay also great attention on part consolidation. A single piece made of
composite materials can replace an entire assembly of metal parts. Reducing the number of
parts in a machine or a structure saves time and cuts down on the maintenance needed over
the life of the item. Dimensional stability is another advantage that composites have.



Composites retain their shape and size when they are hot or cool, wet or dry. They can be a
better choice in situations demanding tight fits that do not vary. Composites are also
nonconductive, meaning they do not conduct electricity. This property makes them suitable
for such items as electrical utility poles and the circuit boards in electronics. Nonetheless if
electrical conductivity is needed, it is possible to make some composites conductive.
Composites contain no metals; therefore, they are not magnetic and can be used around
sensitive electronic equipment. Radar signals pass right through composites, a property that
makes composites ideal materials for use anywhere radar equipment is operating, whether
on the ground or in the air. Furthermore, composites are good insulators, while having low
thermal conductivity. Finally, structures made of composites have a long life and need little
maintenance. It is not known how long composites last, because the end of the life of many
original composites has not yet come. Many composites have been in service for half a
century [4].

1.3 Applications of Filament Winding Composites in Marine

Composite materials are applied in marine the latest years in a greater extent than in the
past. Filament wound composites though, because of the cylindrical shape of the produced
pieces, apply to a narrower range of cases in marine. It is possible that other shapes are
achieved as well, but the production method does not provide plenty of options. Filament
wound products, though, find wide application in aerospace and automotive [7].

A very common application of filament winding method is pipelines. An example is the
filament wound epoxy and vinylester resin based composite pipe system suitable for a wide
range of applications as complete piping system alternative to traditional steel and metallic
materials. It is estimated that this pipe systems is just a quarter the weight of comparable
steel pipes and is easy to install without the need of heavy installation equipment, welding or
protective coating. The installation cost of it is typically 80% of the cost of carbon steel. The
smooth internal surface reduces the head loss resulting in lower pump energy consumption
[8].

Offshore pressure vessels are also a significant application of filament wound composites.
Not only are they corrosion resistant and lightweight, but also cost effective compared to
metallic pressure vessels [9].

Filament wound storage tanks, such as containers, are also a very interesting
development for the area of product transport. These tanks are applied for the storage of
acids, alkalies, chlorinated brine, salts, oils and other corrosive products. Their prices in
comparison with the galvanized steel tanks are lower, their weight is lighter, their corrosion
resistance better and their maintenance cheaper [7].

Submarines have also turned their attention on composite wound materials. Example
consist the launched missile’s capsules that are manufactured with a graphite, wet, filament-
wound sandwich construction, metal honeycomb core and Kevlar reinforcements. Submarine
technology focuses on research on possible future composite applications [10].

Other marine applications of composite filament wound products are masts, antenna
tubes, vent cowlings, battery containers and car-top boats. All the above present similar
advantages, as the above mentioned, e.g. lightweight, corrosion-resistant etc [7].



The possibilities for more marine applications are promising, as according to scientific
research the production of filament wound hulls, decks, propulsion shafts and risers will be
applicable in the future [10][11].

1.4 Defects

Some necessary definitions will be presented below. A defect is defined as a deviation
from the ideal or specified geometric and/or physical built-up of a structure or component. A
production defect is understood to be a defect that has arisen in the production process and
includes material defects. An imperfection is related specifically to imperfections of shape
and not generally to a defect. Like many other types of production defects, geometric
imperfections can never be totally eliminated and it remains to set limits of acceptability for
their size. Ideally a production control system that addresses quality assurance in a
systematic way should include acceptance limits for all relevant types of production defects,
including geometric imperfections. Damage is a deviation from the ideal or specified
geometric structure or component that has arisen as a result of mechanical, thermal or other
loading. Damage may occur during service or during production. Damage occurring during
service may also be caused by the growth of a production defect.

Three categories of defects can be defined. These are structural defects, which affect the
load carrying capability of a component, geometric defects, which include out-of-straightness
or flatness, eccentricities and deviation from specified angles or thicknesses and, finally,
cosmetic defects, which affect the appearance of the product but have little or no direct effect
on the structural performance [12].

Most basic production defects that may occur in filament wound components are
delaminations (Figure 1.2 [13]), dry zones, voids, poor curing, gel coat defects, regions of
microbuckled fibers, thickness variations from non-uniform applied pressure, wrinkles in
individual layers, and gaps or excessive overlapping of individual tows during winding
[12][14].



Figure 1.2 Internal delamination caused by improper curing (residual cure stresses resulting in
cracking and delamination).



2. ULTRASONIC TESTING

Ultrasonic testing (UT) is a non-destructive inspection (NDI) method that uses the
theoretical background of waves, and more specifically of ultrasonic waves, in order to
examine an object or measure its thickness. NDI allows parts and material to be inspected
and measured without damaging them. Therefore it provides an excellent balance between
quality control and cost-effectiveness.

2.1. Waves in materials

Webster's dictionary [15] defines a wave as a disturbance or variation that transfers
energy progressively from point to point in a medium and that may take the form of an elastic
deformation or of a variation of pressure, electric or magnetic intensity, electric potential, or
temperature. Russell [16] estimates that the most important thing about this definition is that
a wave is “a disturbance or variation”, which travels through a medium. According to the
ability of the waves to propagate in vacuum, they can be principally categorized in
mechanical and electromagnetic waves. Ultrasonic waves are mechanical waves and that
means that they, in conjunction with electromagnetic waves, cannot exist in vacuum. The
particles of the medium do not travel with the mechanical wave, they just oscillate. Useful
information is that a mechanical wave can propagate only in a medium that has the
characteristics of inertia and elasticity.

The categorisation according to the frequency of the mechanical wave is infrasound
(below 20 Hz), sound (20 Hz- 20000 Hz) and ultrasound (over 20000 Hz). The subject matter
of this thesis is ultrasonic waves [22].

2.1.1. Mechanical Wave Types and Characteristics

The direction of the particles’ oscillation compared with the direction of the wave
propagation leads to another wave categorization [17]. The first type is longitudinal waves,
where the two directions are parallel, as seen in Figure 2.1 [16]. The wave causes
compressions and rarefactions at the material’s particles. It can be propagated in all elastic
materials.



Particle motion Propagation direction

Figure 2.1 Longitudinal Wave.

Another type of wave is the transverse wave. In this case the two directions are
perpendicular, while the particles oscillate vertically to the propagation’s direction. As a
result, crests and troughs appear (Figure 2.2). Transverse waves do not occur in liquids or
gasses, but they occur in solid and specific viscously liquid mediums.

)

Particle motion Propagation direction

Figure 2.2 Transverse Wave.

Surface waves are more complicated and cause a combination of transverse and
longitudinal wave, leading to an elliptical orbit of the molecules of a solid. As the depth into
the solid increases the "width" of the elliptical path decreases (Figure 2.3) [16].
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Figure 2.3 Rayleigh surface waves.

There are other types of waves as well, but making relative reference is beyond the scope
of this thesis.

Among the properties of waves propagating in isotropic solid materials are wavelength,
amplitude and frequency. All the properties mentioned have to do exclusively with the wave.
Wavelength is the distance from one crest to another (for longitudinal waves: from one
compression to another). Figure 2.4 [17] shows a comparison for both a longitudinal and a
transverse wave between two different wavelengths. Wavelength is described by Egn. 2.1
and is symbolized with A.

Egn. 2.1

Explaining the symbols, v is the velocity and f is the frequency of the wave.



Longitude Wave Longitude Wave

Velocity: 0.360 cm/us Velocity: 0.360 cm/fus

Frequency: 0.600 mHz Frequency: 0.164 mHz

Time acceleration: 0x Time acceleration: Ox

Wavelength: 0.600 cm Wavelength: 2.200 cm

Shear Wave Shear Wave

wavelength * frequency = velocity wavelength * frequency = velocity

Figure 2.4 Different Wavelengths.

Amplitude is the maximum distance measured from the equilibrium position during the
oscillation of the particles and is shown in Figure 2.5.

Amplitud

Figure 2.5 Amplitude of a Wave.

The frequency of the wave (Figure 2.6 [17]) describes how many waves (N) are passing a
point per second and is explained through Eqn. 2.2.

Longitude Wave Longitude Wave

Velocity: 0.360 cm/us WVelocity: 0.360 cm/us

‘ Frequency: 0.330 mHz‘ ‘ Frequency: 0.210 mHz ‘

Time acceleration: Ox Time acceleration: 0x

Wavelength: 1.091 cm Wavelength: 1.714 cm

Shear Wave Shear Wave

wavelength * frequency = velocity wavelength * frequency = velocity

Figure 2.6 Frequency of a Wave.



Egn. 2.2
2.1.2. Elastic materials

Elasticity is, as previously mentioned, an essential feature of the propagation medium.
Material behaves elastically if the strains in a test specimen from a given load disappear
when the load is removed. An ultrasonic wave may be visualized as an infinite number of
oscillating particles connected by means of elastic springs. Each individual particle is
influenced by the motion of its nearest neighbour and both inertial and elastic restoring forces
act upon each patrticle [17][18].

The coefficient E of the material is the modulus of elasticity. It appears in Hook’s Law
equation (Eqn. 2.3 [18]) and associates directly proportional the plane stress applied (o) with
the resulting strain ().

o=E-¢
Eqgn. 2.3

This equation is valid only until a specific stress limit, called yield strength (ov).
When it comes to shear stress the coefficient that associates the stress (1) with the
shear strain (y) differs and is symbolized with G (Eqgn. 2.4 [18]).

=Gy
Egn. 2.4

Speed of sound is unique for every material and is independent of the characteristics of
the wave propagated. The properties and the microstructure of the material influence the
speed of sound through it.

Egn. 2.5

Egn. 2.5 provides the formula of velocity. C is the elastic constant. To be precise, C is G
for the calculation of transverse velocity and E for the calculation of the longitudinal velocity.
Letters i, j indicate the plane on which the stress is applied. The density of the material is p.
Some materials are given as examples in Table 2.1 [17].
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Table 2.1 Examples of Material Velocities.

. V longitudinal V shear Density
Material
(cm/us) (cm/us) (g/cm?)
Aluminum 0.632 0.313 2.70
Steel, 1020 0.589 0.324 7.71
Teflon 0.135 N/A 2.2
Acrylic Resin 0.267 0.112 1.18

2.1.3. Attenuation of Waves and Acoustic Impedance of a Material

Sound has the characteristic that it is losing intensity during its propagation. Inside
materials though, an extra weakening of sound is taking place. It is called attenuation of
sound and is the combined effect of scattering and absorption of sound. Scattering is the
reflection of sound into different undetectable directions. Absorption is the conversion of
sound pressure, meaning the energy of the wave, to another form of energy. The formula
that contains this term is Egn. 2.6 and describes the loss of sound energy through a material.

A=A e
Eqgn. 2.6

Value A represents the final sound pressure after sound has travelled z length units, while
Ao is the initial sound pressure. The attenuation coefficient is a. It is measured in Nepers
/length and can be converted to Decibels/ length [17].

Microstructure of a material determines strongly the level of attenuation in it. The greater
the grain size is, the stronger the attenuation. Other factors also define this level, such as
temperature and frequency. Attenuation is usually increased with the temperature, especially
in plastics and is also increased with high frequencies [19].

The result of attenuation is obvious in Figure 2.7[20].

11
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Figure 2.7 Attenuation of sound.

The acoustic impedance (Z) of a material is defined as the product of its density (p) and
acoustic velocity (V), as seen in Eqn. 2.7 [17]. It is specific for each material.

Z=pV
Eqgn. 2.7

Acoustic impedance expresses the opposition of a system to the acoustic flow. This value
is important in the determination of acoustic transmission and reflection at the boundary of
two materials that have different acoustic impedances, in the design of ultrasonic
transducers, as well as in assessing the absorption of sound in a medium [21][22].

2.2. Incidence of a Wave on an Interface

During ultrasonic testing sound propagates to more than one materials. The interface in-
between leads to several phenomena according to the angle of incidence of the wave. The
following sections present the behavior of the wave based on this criterion.

2.2.1. Zero Angle of Incidence

A wave reaching an interface with zero angle of incidence can propagate and/ or reflect.
Reflection is the change in the direction of the wave in a way, so that the wave or part of it

returns back to the initial medium. In this case wave is being reflected with an angle of 180
degrees. The percentage of the sound pressure being reflected back to the initial medium

12



depends on the reflection coefficient (R) of the two materials. This coefficient is described in
Egn. 2.8, where Z; is the initial's medium acoustic impedance and Z; is the neighbouring’s
medium acoustic impedance. When these two impedances are equal, then reflection
coefficient equals to zero. That means that the wave is not being reflected at all, but is
entirely passing on to the next material. Likewise, transmission coefficient (T) is defined in
Egn. 2.9 and expresses the amount of the acoustic energy that is propagated to the next
medium [21][22].

_ Zy-Z4
_22+Z1
Egn. 2.8
24
_ZQ+Z1
Eqgn. 2.9

2.2.2. Oblique Angle of Incidence

A wave reaching an interface with an oblique angle can propagate, reflect, refract and/ or
convert. The behaviour of the wave depends on the angle of incidence and will be explained
below. We suppose that the initial wave is the red arrow seen in Figure 2.8.

Reflection is, as explained above, the change in the direction of the wave in a way, so that
the wave or part of it returns back to the initial medium. The angle of incidence equals the
angle of reflection (Snell’'s Law). Total internal reflection is occurred when the index of
refraction of the first material (n,) is greater than the one of the second material (ny) [23].

Refraction is the propagation of the wave to the next material accompanied with change in
the direction of the wave. The refraction angle can be found via the Snell’'s Law.

Conversion of wave type is common and depends on the angle of incidence, as it is
explained below. The wave from longitudinal can be converted to shear or surface.

All the possible phenomena can be seen in Figure 2.8 below. Velocity is symbolized for
longitudinal waves with V, for shear waves with Vr and for surface waves with Vs.

13



Insidence Reflected

Longitudinal Shear

wave wave

Vi Refl_ectt_ed
Longitudinal

wave
Surface
Medium 1 Vs wave
V. Refracted
Longitudinal
wave

Refracted
Shear
wave

Figure 2.8 All phenomena at interface.

The behaviour of the wave when passing through an interface is determined by the
material and the incidence angle (6:) and is described by Snell’'s law. To simplify the
procedure, total internal reflection will not be a case for the rest of the section.

As regards the incidence angle (61), there are three important values for every material,
which determine the phenomena that will take place. The first value, which is common for
almost all the materials, is 5°. The second and third values differ from case to case and are
called respectively 2™ and 3™ critical angles. The accordance of these angles to the
phenomena that will take place will be explained below.

All symbols used in the equations below are explained in the figures that follow them.
When the angle of incidence is 0° (Figure 2.9), the wave can be both reflected to the 1
material and propagate to the 2"¢ material. The type of the wave is longitudinal and was
described in a previous section (2.2.1.).

OD

Figure 2.9 Zero incidence angle.

For angles between 0° and 5° the longitudinal wave is both reflected to the 1% material
and refracted to the 2" material. The wave is always longitudinal. Snell’'s law in this case is
described by Eqgn. 2.10, where a; is the angle of incidence and a; is the refraction angle.

14
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Egn. 2.10

Figure 2.10 below describes the parameters used in Egn. 2.10.

Vi1

o1
Interface 15t material

2nd material

o2
-V
Figure 2.10 Zero to 50 incidence angle.

Between 5° and the 1% critical angle (Figure 2.11) the wave is reflected, refracted and
partly converted to shear (V12, see Figure 2.11). Snell’s law describes this behaviour:

sinay _sinay _sinf,

Egn. 2.11

When the incidence angle is equal to the 1% critical angle, then the wave at the 2™
material is fully converted to shear.

15
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Figure 2.11 5° to 18t critical incidence angle.

Only shear refracted waves (Vr2) appear for angle values between the 1%t and the 2"
critical incidence angle, as seen in Figure 2.12. Snell’s law describes this behaviour through
the Eqgn. 2.12.

sinay _sinf,
Vi Voo

Eqgn. 2.12

When the incidence angle equals the 2™ critical angle, then at the second material only
surface waves exist.

ay |

15t matenal
Interface

-
2nd matenal

Figure 2.12 1stto 2" critical incidence angle.

From the 2" critical angle and over the waves of the second material are only surface
waves. An overview of the above is given in Figure 2.13.

16
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Figure 2.13 Wave type according to incidence angle.

2.3. Ultrasonic Transducers

Ultrasonic transducers produce ultrasonic waves. The generation of these waves is
achieved by taking advantage of the piezoelectric effect, which will be explained below. The
choice of the transducer is crucial for an ultrasonic examination, as the characteristics of the
transducer and the transmitted beam define the success of the process. The choice of the
transducer depends among others on the specimen’s material and the examination method.

2.3.1. Piezoelectric Effect

Some materials (crystals, ceramics, etc.) can generate electricity or an electric
polarization when subjected to mechanical stress. This phenomenon also occurs vice versa,
namely the application of an electric field causes mechanical stress on these elements. That
is called piezoelectric and reverse piezoelectric effect, respectively. Both effects are applied
to the function of the piezoelectric ultrasonic transducers.

Reverse piezoelectric effect is useful for the generation of longitudinal waves. More
specifically, during the reverse piezoelectric effect, compressive and tensile strain occurs
(alternating according to the frequency of the applied A/C voltage) by applying electric
potential at the two opposite sides of a piezoelectric element. The element is polarized,
because of the applied electric potential, meaning that one side of every molecule becomes
positively charged, while the other side becomes negatively charged. That causes the
alignment of the element’'s molecules and therefore the element expands. The strain is
proportional to the rate of the electric potential. The transducer though is formed in such a
way, so that it constrains the deformation of the element in the directions of the compression
and tensile strain, as seen in Figure 2.14. Consequently, the third dimension is deformed and
it presses the neighbouring medium (water, air, metal, etc). This pressure is, as mentioned,
synchronized with the frequency of the the A/C voltage, so it forces the molecules of the
medium into oscillation. Thus, a longitudinal wave is created and transmitted through the
medium (Figure 2.15). This is the procedure through which an ultrasonic piezoelectric
transducer creates ultrasonic waves.
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Figure 2.15 Reverse piezoelectric effect.

The simple piezoelectric effect is useful for the translation of the received waves from the
transducer. The transducer receives longitudinal waves and transforms them through
mechanical oscillation into electric potential. More specifically, the ultrasonic wave reaches
the transducer and then the transducer is forced into alternating compression and tension.
Because of the piezoelectric effect, two opposite sides of the piezoelectric element develop
alternating electric potential. The frequency of the inversion of the polarity follows the
frequency of the wave. In this way, the transducer can share the information it receives.
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Figure 2.16 Generation and receipt of longitudinal waves.
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To sum up, the heart of the transducer is the active element. It transforms electrical to
acoustic energy and vice versa. As it is obvious in Figure 2.16, the transmission and the
receipt of a longitudinal wave are both a consequence of the piezoelectric effect [24][25][26].

2.3.2. Parts and Materials of a Transducer

The parts of the transducer are also important to analyze. As seen in Figure 2.17 [24] a
transducer consists of the piezoelectric element, which is constrained from the back with the
backing material and is sandwiched between two electrodes. At the front of the piezoelectric
element there are the matching element and the protective wear plate.

Case

Epogzy
Potting
Backing
Material

= Coaxial Cable Connector
Signal Wire

Electrodes Ground Wire
Piezoelectric M\ Wear Piate
Element

Figure 2.17 Inside of a transducer.

The desired frequency is ensured through the thickness of the active element. The thinner
the element is, the higher the frequency. Contact transducers also incorporate a wear plate
to protect the matching layer and the active element from scratching.
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The materials used for the active element have changed throughout the years. Today
piezoelectric ceramics are preferred (Figure 2.18 [24]), due to their easy manufacture in a
variety of shapes and sizes and their good piezoelectric properties. These materials are also
capable of working under desirable circumstances, such as low voltage and temperature up
to 300 °C. Piezopolymers and composites are also used today as active elements in
transducers, but to a lesser extent.

Figure 2.18 Piezoelectric ceramic element inside a cutten transducer.

The backing material influences the damping characteristics of a transducer. When the
impedance of the backing material is similar to that of the active element, effective damping
will be produced. Such a transducer will have a wider bandwidth and consequently a higher
sensitivity. As the difference between the impedance of the active element and the backing
material increases, a greater penetration but reduced sensitivity is achieved [24].

2.3.3. Transducer’s Characteristics

In this section frequency and Signal-to-Noise Ratio will be examined, which are two very
important characteristics of a transducer.

The noted frequency on a transducer is the central frequency and it depends among
others on the backing material. The transducer though operates in a range of frequencies,
the so called bandwidth. The highly damped transducers have to do with a wider range of
frequencies and are accompanied by a high resolving power. The less damped transducers
have a narrower field of frequencies and lead both to a lower resolving power and to a higher
penetration capability. Low frequencies (0.5- 2.25 MHz) provide the examination with more
energy and penetration, while high frequencies (15- 25 MHz) provide reduced penetration,
but greater sensitivity to the detection of small discontinuities. In general transducer’s
frequency is considered proportional to the resolving power, the length of the near field
(explained in 2.3.4 below), the attenuation and the noise. On the contrary, it is inversely
proportional to the diameter of the beam and the penetration capability.

Another determinant factor for the characterisation of a transducer is the signal-to-noise
ratio. The signal-to-noise ratio is a measure of how the signal from the defect compares to
other background reflections, which are categorized as noise. The following formula relates
some variables with this ratio:
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N pvw,w, At FOM
Egn. 2.13
p: density of material
5 sound speed in material
Wy, y: lateral beam width at flaw depth
At: pulse duration

Afiaw: flaw scattering amplitude at centre frequency
FOM: noise amplitude at centre frequency (FOM)

The minimum value of the ratio is 3. In general, it is proportional to the flaw size and the
frequency and inversely relative to the beam width, the duration of the pulse, the density of
the material and the velocity of the sound in the specific material. Signal-to-noise ratio is one
of the main criteria, according to which not only the choice of a transducer, but also the
evaluation of it is made [24][27][21].

2.3.4. Transmitted Beam

Since the inside of a transducer has been explained, now the beam that is generated will
be examined. The generated beam is divided in the dead zone and two more fields, the near
and the far field (Figure 2.19 [24]).

In dead zone it is not possible to detect defects. This is caused due to the lack of
capability of the same probe to generate and at the same exact time receive signals.
Therefore the initial pulse’s width is considered to be the width of the dead zone. This
problem can be overcome by using twin crystals, one transmitting and one receiving or by
using a delay line, which means shifting the dead zone in an extra wedge on the transducer.
Furthermore, high frequency transducers lead to shorter dead zone [19].

The near field is characterised by remarkable amplitude fluctuations, which are caused by
the wave interference near the transducer. That leads to difficult evaluation of the flaws that
are included in the near field. Near field’s length is described through Eqgn. 2.14.

_a%f
T4y
Egn. 2.14

a: radius of transducer
f: frequency of transducer
v: velocity in the material

After N length, which is presented in Figure 2.19 [24], far field exists. The amplitude is
there more uniform, as it smoothly declines. The area right after the end of the near field is
appropriate for optimal detection, because the amplitude is uniform and the strength
maximum.
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Figure 2.19 Near and far field amplitude formation.

Firstly the geometrical beam characteristics will be presented. The diameter, the length
and the spread of the beam determine the geometry of it. The beam’s shape is not a
cylinder, it is a cone. The generation of a wave means energy transmission. The mechanical
energy though is not always transmitted from molecule to molecule in alignment with the
direction of the wave propagation. This variation in the direction of the energy transmission
leads to the non-cylindrical shape of a cone. Beam spread is the angle that is formatted and
is twice the beam divergence, as seen in Figure 2.20 [24] below.

© L] L1 = B - ——
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Figure 2.20 Beam spread.

Beam spread is low, when frequency and diameter are high. Big beam spread affects
negatively the amplitude of the reflections received and consequently it complicates the
signal interpretation. Beam divergence is expressed through this formula:

.6 0.514v
sin(3 )= a7

Eqgn. 2.15

a: radius of transducer
f: frequency of transducer
v: velocity in the material

Secondly, three qualities of the beam will be discussed. These are resolution, sensitivity
and attenuation. Resolution is the ability to separate two really close defects. Sensitivity is
the ability to detect very small defects. Both are positively affected from high frequencies.
Attenuation is caused because of the scattering and the absorption of the beam. When the
beam is transmitted through an oblique angle, then at the interface it is reflected, refracted
and converted into other wave types (e.g. shear). That is scattering. Absorption is the direct
conversion of the mechanical energy into heat. High frequency leads to higher absorption.
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Acoustic pressure’s decrease, because of the attenuation, is described through Eqgn. 2.16
[24][27][21].

P=P -ad

o-e

Egn. 2.16

a: attenuation coefficient [dB/mm]
d: depth [mm]
Po: initial acoustic pressure

2.3.5. Types of Transducers and Examination Methods

Two basic categories of ultrasonic transducers are contact and immersion. Contact
transducers contain many subcategories, such as single element or duel element
transducers, delay line transducers, angle beam transducers, normal incidence shear wave
transducers etc. For the specific thesis single element contact transducers were used, as
well as immersion transducers. Therefore, no further reference will be made for the rest
types of transducers. Contact transducers are used for direct contact inspections, and are
generally hand manipulated. Immersion transducers do not contact the component. These
transducers are designed to operate in a liquid environment and all connections are
watertight. Single element transducers, as seen in Figure 2.21 [28], contain one element both
for transmitting and receiving the signal, while duel element transducers use one element for
the transmission and another for the reception of the signal [24][28].

Single Element Transducer Duel Element Transducer

Figure 2.21 Single vs. duel element transducer.

There are various examination techniques, but in this case only pulse echo method was
used. Pulse-echo ultrasonic measurements can determine the location of a discontinuity in a
part or structure by accurately measuring the time required for a short ultrasonic pulse
generated by a transducer to travel through a thickness of material, reflect from the back or
the surface of a discontinuity, and be returned to the transducer. The two-way transit time
measured is divided by two to account for the down-and-back travel path and multiplied by
the velocity of sound in the test material. The result is expressed in the well-known
relationship:
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, Where d is the distance from the surface to the discontinuity in the test piece, v is the
velocity of sound waves in the material, and t is the measured round-trip transit time. This
method requires access only from one surface of the tested material. In Figure 2.22 an
example of pulse echo method is presented on a calibration block, accompanied by the A-
Scan illustration. A-Scan illustration is a method of presenting the information drawn from
scanning and will be explained below.
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Figure 2.22 A-Scan illustration of an artificial defect on a stainless steel calibration block.

It is known that low frequencies serve high penetrability, while high frequencies provide
better resolution. Therefore, thick materials with high acoustic attenuation and scattering
should be examined with lower frequency probes. Thin, non-attenuating and non-scattering
materials are advised to be examined with higher frequency transducers, in order to achieve
better resolution. Composite materials belong to the first group of materials, where high
penetrability is needed [24].

2.4. Inspection of a Specimen using Ultrasound

2.4.1. Testing Methods

Two basic testing methods will be mentioned. The first is pulse-echo technique, which is
actually used in this thesis, and the second is through transmission technique.

Pulse-echo is a widely used non-destructive testing technique. A pulse of ultrasonic
energy is transmitted into the specimen in a direction normal to the surface. The pulse is
reflected from any interface of two materials back to the transducer. Figure 2.23 (a) [29]

24



shows a typical pulse-echo set-up. The signals which travel back towards the probe are
detected and the position and size of a flaw is determined.

This method can be applied for the detection of a delamination, smaller flaws such as
voids and foreign inclusions.

The pulse-echo technique advantages are that size and location (in the direction of the
ultrasonic beam) of the defect can be defined. It can be used in cases, where access only
from one side is possible. This is a particularly useful advantage as such testing situations
often occur in practice.

This technique has also some disadvantages. There is a time period approximately equal
to the pulse length, during which the probe cannot detect signals, because it is either emitting
a pulse or reverberating. This is the dead zone. This problem can be limited by using a
shorter pulse, immersion testing, a standoff probe, or employing a duel element probe. A
similar problem occurs with defects very near to the front surface of the component. The
solution here may be to increase the frequency and thereby shorten the pulse length, or scan
from the opposite side of the specimen.

Through-transmission technique uses two transducers, one transmitting and one
receiving. These two transducers have to be positioned opposite each other, having the
component in between. It measures total attenuation within the material caused by features
that attenuate the beam. Comparisons can be made of the attenuation between different
specimens and between different regions of the same specimen.

Through-transmission testing (Figure 2.23 (b)) is used to detect delamination, porosity,
some inclusions, fiber volume fraction changes and displaced fibers. Cracks can also be
detected but, as with pulse-echo, their alignment should not be parallel with the beam
direction.

Compared with pulse echo there is no 'dead zone' which means that flaws can be
detected at all depths throughout the thickness of the specimen at the measurement location.

One disadvantage of through-transmission is that it does not provide any information
about flaw depth. Furthermore, the transmitter and detector must be kept well aligned making
the inspection of contoured surfaces very difficult. Also, it requires access from both sides
and this may not be possible [29].

to test-set

transducer

transmittar receiver
ultrasonic

beam

specimen
specimen

defect

Figure 2.23 (a)Pulse-echo technique (b) Through Transmission technique.
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2.4.2. Data Presentation Methods

For ultrasonic inspection there are three data presentation methods. These are amplitude
scan (A-Scan), brightness scan (B-Scan) and contrast scan (C-Scan). This thesis dealt only
with A-Scan and C-Scan.

The A-scan method is the most widely used and appears on portable control set ups.
Automated dipping controls enable the user to use all three imaging modes depending on the
desired information.

More specifically, A-Scan describes the information through two axes. One axis (X-axis) is
time, where zero is the moment that the initial pulse was transmitted, but it can be set
wherever the user decides, e.g. at the front surface of the component. This axis shows the
period of time that the pulse needed to return to the transducer, because of an interface, a
defect, a back-wall echo etc. The second axis (Y-axis) shows the relative amount of energy
received, meaning the amplitude of the pulse. In the A-scan presentation, relative
discontinuity size can be estimated by comparing the signal amplitude obtained from an
unknown reflector to that from a known reflector. Reflector depth can be determined by the
position of the signal on the horizontal axis. Other techniques of sizing also exist, but are not
in the field of interests of this thesis. Figure 2.24 [30] relates a real component that has a
reflector with its A-Scan illustration. Gate is the blue line in Figure 2.25 [31] and is also useful
for B and C-Scan. As seen in Figure 2.25 a gate can be adjusted at the amplitude height
and moment that information has to be extracted.

time of
flight

lateral [zurface]
3w

Figure 2.24 A-Scan explanation of signals.
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Figure 2.25 A-Scan presentation example.

In case of an echo of a reflector, the position of which is already known, it is possible to
determine the velocity of the material. In setups that contain other presentation methods as
well, the A-scan is the basis for adjusting the various parameters to extract the B-scan and
C-scan images [24].

Brightness scan (B-Scan) illustrates a horizontal section of the specimen and the position
of the defect on the scan direction and on the direction of the depth. Figure 2.26 [31]
illustrates a real component that has A, B and C reflectors and the corresponding B-Scan
presentation. Gates, which are set at the A-Scan setup at a specific “height” (amplitude),
determine the lower limit of the signals’ amplitude that can be illustrated. Any echo with lower
amplitude is not illustrated, while every echo with higher amplitude is creating a new point on
the illustration [31].
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Figure 2.26 B-Scan presentation example.

During C-Scan the transducer scans the surface of the component and illustrates for each
position the higher amplitude received and the depth that corresponds to that amplitude. In
this case as well, gates determine the lower limit of the signal’s amplitude that is taken under
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consideration from the setup. The route of the transducer is the one seen in Figure 2.27 and
is defined from the user in more detail.
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Figure 2.27 Transducer’s route during C-Scan.

The produced C-Scan illustration conveys the above mentioned information with color
scaling, as seen in Figure 2.28 [31].
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Figure 2.28 C-Scan presentation example.

At this point it is useful to mention DAC method. It was used during the experimental
procedure of this thesis and is a method of compensating for the fact that the pulse-echo
response of a reflector will decrease as the distance of the reflector from the ultrasonic probe
increases. This occurs because of the attenuation of the transmitted energy as it travels from
the probe to the reflector and so the further the reflector is from the probe, the lower the
energy of the sound that actually hits the reflector is. Similarly, the further the reflected pulse
has to travel, the lower is the energy that is received back at the probe.



The DAC is generated by plotting the amplitude of a known calibration reflector at different
distances from the probe. The DAC is generated by plotting a curve through these
amplitudes. As seen in Figure 2.29 [32], by plotting the amplitudes received from the reflector
D for positions A, B and C of the transducer, DAC is produced. Using this curve, gain is

corrected according to the time [32].

2.4.3.

During ultrasonic testing specific parameters should be defined. An example of a
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Figure 2.29 DAC explanation.

software’s required parameters is shown in Figure 2.30.
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Figure 2.30 Window with parameters.

In this section the meaning of most of them will be analyzed. To start with, at the ‘Display’
section Delay and Width had to be defined. Delay expresses the time that is chosen as the
start of the screen. All the information before are being hidden from the user. Width
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expresses the length of the screen, meaning the duration of the time period being examined.
Both of them are measured in ps. At the ‘AD Signal’ section two crucial parameters should
be defined. Gain allows the amplification of the signal. The equation that relates Gain (dB)
with signal height is Eqn. 2.18 [33]. Ratio Hi to H2 expresses the ratio of the new height of the
signal after amplification to the old one.

dB=20*log,, H—*
2

Eqgn. 2.18

Offset is measured in mV and defines the lower limit of Voltage for the signals that are
illustrated. Signals of lower Voltage are being ignored and that leads to absence of “noise”
[31]. Gain and Offset are useful for the easy and efficient understanding of the screen’s
information from the operator. Trigger mode should also be defined. The options are
threshold, external, single, auto and positional. Throughout this Thesis Pulser/ Receiver
(P/R) Mode was used. ‘Pulser Settings’ are of great importance. Increase in Pulser Voltage
leads to maximization of the penetration ability of the ultrasonic wave and decrease leads to
better near surface resolution. Damping setting is obviously a resistance, as it is measured in
Ohms. The damping control selects a resistor that modifies the shape of the outgoing
waveform. Lower damping resistance increases pulse damping and improves near surface
resolution, while higher damping resistance reduces damping and improves penetration.
Frequency Filters, named HP/ LP Filter, can often improve signal-to-noise ratio or near
surface resolution by filtering out unwanted high or low frequency components of the signal.
It is obvious that in ‘Ultrasonic Velocity’ Settings the sound velocity in the material should be
inserted. If the period of time that sound travels through the couplant is ignored through the
Delay parameter, then couplant velocity does not need to be inserted [34].
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3. LITERATURE REVIEW

3.1. Comparison of Ultrasonic Testing between Metals and
Composites

Many differences occur during an ultrasonic examination of a metal and a composite
specimen. Firstly, the acoustic impedance of these materials is different. As seen in Table
3.1 [35][36], where some materials’ impedances are shown, metals present greater value in
contrast to carbon or glass. Resin’s acoustic impedance could be estimated from 2.77 to 3.6

105*gr
cm?s
would be lower than the acoustic impedance of a metal.

[22]. Therefore, the total acoustic impedance of a glass or carbon composite material

Table 3.1 Acoustic impedance of various materials.

Material Acoustic Impedance ( 10(::;?)
Aluminum 17.10
Stainless Steel 44.8
Steel 46.5
Carbon 13.33
Glass 14.5
Teflon 2.97

Resin 3.2

Another characteristic of materials is attenuation. Composite materials absorb ultrasound
quicker than metals, something that means greater attenuation of the wave [37]. When it
comes to composites, hand-layup method gives even more attenuating products than
fabrication method. Fabrication methods result in low porosity in the product, while hand-
layup method ends to enwrap air between the layers. That makes them more attenuating
[38].

The greater attenuation of sound in composite materials requires special high penetration
pulser/ receivers and lower frequencies in comparison to metals. For the examination of steel
components transducers of frequency between 1 MHz and 5 MHz are preferred. Suited
frequencies for composite material examination are considered to be between 0.25 MHz and
2.25 MHz. However, the use of low frequency transducers decreases resolution [37][38].

Composites generally allow poorer flaw resolution than microscopically homogenous
materials because of the greater contribution of noise from fibers’ or particles’ boundaries
(although large-grained metals present a similar problem) [39]. According to Bergant these
high noise levels of course limit the detection accuracy. Reflected pulses in composites have
more complex waveforms and less time separation between the reflected pulses than in the
case for steel. Therefore multiple echoes cannot reliably be used in signal interpretation [38].

As mentioned before, each material is accompanied by a specific speed of sound. Sound
typically travels faster in metals that in composite materials. More particularly, speed of
sound in GRP varies from 2 to 4 mm/yus, carbon fiber reinforced plastic varies from 3 to 4
mm/us and differ from that of steel, which is around 6mm/us [38][41]. Time-of-flight is the
time that sound propagates inside a material and is useful for the calculation of the depth of
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the scatterer responsible for any echo. Time-of-flight measurements are of less interest for
composites than for metals since it is usually sufficient to merely identify the presence of a
defect. However, if this method is used to estimate how deep a particular defect is, the user
should be aware that the sound velocity may vary locally within the laminate based on fiber
content and orientation [38]. The longitudinal wave velocity increases almost linearly with an
increase of the fiber content, as seen in Figure 3.1, where a specimen consisted of glass
woven fabrics is examined [42]. These are important to remember when calibrating
equipment or when comparing ultrasonically and physically measured thicknesses.
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Figure 3.1 Relationship between the ultrasonic wave velocity and the glass content.

Calibration blocks are typically required before the examination of any specimen. These
blocks should be manufactured with the exact method and the materials used for the
specimen. For metals ready to use calibration blocks can be bought, but for composite
materials each specimen requires a unique calibration block to be manufactured [38].
Inspection procedure differs between metals and composites in other areas as well. Through
Transmission (T/T) inspection method is preferred for composites, while Pulse Echo (P/E)
method is preferred for metals. For high-attenuating materials, such as composites, T/T
method allows to save some wave energy by avoiding the extra attenuation caused of the
travelling time from the defect back to the receiver [43]. Some composite materials also
absorb moisture and therefore any technique that involves substantial wetting of the surface
should be avoided where possible. This is a risk that examination of metals does not entail
[39].

A fact of interest is that, while very detailed specifications regarding the case of ultrasonic
inspection of metals exist, no official specifications for inspection requirements for
composites are published. This makes clear the multiparametric and volatile circumstances
under which ultrasonic inspection in composites is being performed.
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3.2. Comparison of Ultrasonic Testing between Cylindrical and Flat
Surfaces

Curved surfaces are more complex to inspect with the ultrasonic technique. Firstly, the
size of the transducer should be reduced, in order to achieve as much contact with the
surface as possible. In order for better contact to be achieved special transducers exist as
well, such as the ones with the spring loaded swivelling head. As seen in Figure 3.2, the
transducer follows with good precision the path of the specimen’s surface. A system with an
immersion transducer would definitely provide good results as well. In this case, the
orientation of the transducer must be controlled with a high degree of precision in order to
adequately follow the part contour and maintain probe orientation, as seen in Figure 3.3 [44].
It is also logical that coupling efficiency is reduced, as the coupling medium may not totally
connect the transducer with the specimen’s surface. Therefore, immersion systems are ideal
in order to achieve good coupling [37].

Figure 3.2 Spring loaded swivelling head.
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Figure 3.3 Immersion system with constant water path and beam entry angle.

It is possible to inspect a specimen by scanning it with the use of a turntable or by
scanning a rectangular area. Cylindrical specimens can be examined with both techniques,
while flat ones only with the second one [44]. An advanced immersion system for ultrasonic
inspection, which contains a turntable, is shown in Figure 3.4 [45].

Figure 3.4 Immersion tank with a turntable.

According to ASTM, Pulse Echo Twin-Probe Method provides better results for specimens
with curved surfaces, as the first back-wall echo is more representative of depth or time than
a later back echo [43].

During ultrasonic inspection, specimen curvature has a significant effect on both the
ultrasonic response and the scanning resolution requirements. When an ultrasonic beam is
entering the specimen sound velocity changes. Waves are being refracted and the ultrasonic
beam directivity and amplitude pattern can be affected in different ways. Concave surface
tends to focus the ultrasonic beam as it enters the material surface, while convex has the
opposite effect. In Figure 3.5 all the possible cases are illustrated. A concave surface is
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practically the inner surface of the cylinder, while convex is the outer surface of the cylinder.
In general, it is preferred for the inspection to get a focused beam rather than a spread one.
Therefore, examination of a cylinder from the inside would be ideal, but geometrical
limitations and difficulties could occur [44].

Figure 3.5 lllustration of the beam pattern modifications caused by wave refraction for a flat, convex
and concave surface.

Using a calibration block (Figure 3.6) to test the detection abilities of a transducer according
to the surface curvature, specific conclusions are reached. The dotted lines of the figure
indicate transitions between different curvatures. The rectangles on top represent the
unwrapped surfaces. Individual groups of five identical side-drilled holes (SDH) were
machined at the same depths below each surface type. In Figure 3.7 peaks identified in red
represent the SDH that is closest to the surface. Peaks identified in blue represent the
second shallowest set of SDH. Red and blue dotted lines represent the expected echo
amplitude of these SDH referred to the areas 1 and 2 (both flat). Peaks identified by a circle
correspond to SDH in flat areas, while square are for convex and concave areas. As seen in
the figure, concave surfaces lead to better resolution for deeper defects, while convex
surfaces do not allow the detection of them [44].

It is common that flat composite specimens are layered, while cylindrical are filament
wound. Ultrasonic inspection of these two cases has differences. The distance of each layer
from the external surface for a flat specimen is specific and has less margin of error than a
wound one. In a filament wound specimen a specific layer is not at the same distance from
the external surface for every point of the surface, due to the construction method. A specific
and stable definition of the depth of the intermediate layers is very useful for the detection of
defects in a composite material.
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Figure 3.6 Calibration curvature block.
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Figure 3.7 Lateral plot of the amplitude of the C-Scan across the surface of the block (bottom)
compared to the position of the SDH and the different curvatures (top).
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4. EXPERIMENTAL PROCEDURE

Before the examination of the cylinder, it was important to get to know the equipment and
practice ultrasonic testing. A weld and three composite specimens from the diploma thesis of
Mr. Themelakis were examined with A-Scan for this cause. The procedure is not directly
related to this thesis and therefore will be presented in Appendix A.

In order to proceed to scanning the specimen of this thesis interest, it was necessary that
the specimen was properly prepared. After the preparation of the specimen, the choice of the
appropriate ultrasonic transducers was made. Namely, for A-Scan the probes of 2.25 MHz
and 5 MHz and for C-Scan the probes of 2.25 MHz and 3.5 MHz were chosen. Then the
parameters were adjusted and A-Scan took place. This step led to results, but not for all the
defects. Afterwards, the procedure continued with C-Scan, which led to confirmation of the A-
Scan results and to results for the defects that were not originally detected with A-scan.
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4.1. Specimen’s Description

The specimen studied in this thesis is a cylinder from carbon fibers wound at +/-55° and
epoxy resin. The manufacturing method of the cylinder is filament winding.

For the experimental procedure to begin, it was necessary to create a visual system on
the CFRP cylinder, which would allow the specification of the defects’ theoretical positions.
Therefore, all the angles that represented defects, as well as the longitudinal positions of the
defects were illustrated on the cylinder. The result is obvious in Figure 4.1. Therefore, each
defect has its own coordinates, according to the angular position (¢), the longitudinal position
(L) and the depth (d). These coordinates will be presented throughout the text with the
following order No (@, L, d), for example defect’'s No.2 coordinates are 2(200, 50mm,
14.5mm), see Table 4.1.

Figure 4.1 Cylinder’s angles.

The geometrical characteristics of the cylinder are illustrated in Figure 4.2. Namely, the
length is 400 mm, the external diameter is 182 mm and the internal one is 149.5 mm, which
equals to nominal thickness of 16.25mm [46].
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Figure 4.2 Cylinder’s geometry.

The final positions of the defects are stated from the B&T Composites Company and are
very close to the positions ordered from the laboratory [47]. In total there are 30 defects
throughout the cylinder. Six of them were not taken under consideration, as their diameter
was very small and equal to 0.2 mm. These defects are highlighted with yellow color in Table
4.1 and, from this point on, they will be considered as non-existed. There are three layers of
defects, which correspond to three different depths, 14.2 mm, 9.25 mm and 4 mm,
respectively, measured from the external surface. Each layer contains eight defects,
approximately 0.1 mm thick, from Teflon. Some of them are thicker, namely 2mm thick, as
seen in Table 4.1. The position of each defect is determined from a layer, a longitudinal
position and an angle. The radiuses of the Teflon defects vary among 10 mm, 20 mm, 30
mm and 40 mm. In more detail, this information is contained in Table 4.1. An exploded view
of each layer is also illustrated in Figure 4.3 for better understanding.
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Table 4.1 Defects' position with new numbering
[code= Layer(1,2,3),Color(Green, Cyan, Magenda, Pink), Number(01-24)].

No

Lx (mm)

9 (%)

color

defect code

defect diameter

50

yelow

1Y09

0.2mm

350

180

yelow

1Y10

0.2mm

- 100 0 yelow 3Y29 0.2mm
- 300 180 yelow 3Y30 0.2mm
variation + - 2%
400
360°
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Figure 4.3 Cylinder's defects extended view.
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It is important to be mentioned, that this information comes from the manufacturing
company and has not been amended on quality control. Therefore, it is possible that this
description of the cylinder does not accurately reflect the reality.

4.2. Choice of Ultrasonic Transducers and Velocity Approximation

For the choice of the transducer’s frequency some parameters had to be taken under
consideration. First, the choice was made according to the availability of the laboratory’s
transducers. Secondly, ASTM Standards were taken under consideration. According to them,
for many fiber- reinforced composites, probe pairs with center frequencies ranging from 0.5
to 5 MHz prove useful, as for example pairs of 2.25 MHz damped probes [48]. Low
frequencies serve good penetration, which is necessary for composite materials. In addition
to the above, several trials took place in the laboratory in order to decide which probes will be
used. Taking all the above under consideration Olympus microscan transducers of 2.25 MHz
(Nominal Element size: 0.5 in., Part No: M1036) and 5 MHz (Nominal Element size: 0.5 in.,
Part No: M109-SM) were chosen for the A-Scan and immersion transducers of 2.25 MHz
(Nominal Element size: 0.5 in., Part No: V306-SU) and 3.5 MHz (Nominal Element size: 0.5
in., Part No: V382-SU) were chosen for the C- Scan process. In Table 4.2 the transducers
used are cumulatively shown. From Figure 4.4 to Figure 4.7 below the used transducers
according to the above mentioned order are shown. Near field does interfere with the echoes
of the inside of the material, but it was not possible to get a smaller value, as the available
transducers had neither a smaller diameter nor a lower frequency.

Table 4.2 Transducers used.

A-Scan C-Scan
Olympus | M1036 | M109-SM | V306-SU | V382-SU
Frequency | f (MHz) 2.25 5 2.25 3.5
Nominal Diameter | d (in) 0.5 0.5 0.5 0.5
Near Field Length | N (mm) | 23.9 53.1 60.6 94.3
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Figure 4.4 Microscan transducer M1036, 2.25 MHz.

Figure 4.5 Microscan transducer M109-SM, 5 MHz.
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Figure 4.7 Immersion transducer V382-SU, 3.5 MHz.
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Due to lack of a calibration block, velocity approximation had to be done on the specimen
itself. Using the thickness of the specimen was considered a less reliable option than using
the position of the defects for the calculation of the velocity. Defects find place in various
depths. That leads to increased reliability of the final velocity approach. Furthermore, at this
initial stage of the process, it was far from easy to distinguish the back — wall echo with
certainty. Using the trial and error method, velocity was estimated to be 3.8 mm/us. The
attempts were considered to be successful, when specific defects could be detected at their
theoretical position. An initial approach was 3.45 mm/us according to literature [49]. Defects
No.1(50, 50, 14.2), 16(330, 350, 9.25), 21(120, 300, 4) and 23(90, 380, 4) were used as
scatterers. The depth calculated using velocity equal to 3.45 mm/us was not close to the
nominal depth. After each measurement the velocity that would give the correct depth was
estimated and was used for the next measurement. The process ended, because the velocity
approach of 3.8 mm/us gave satisfying results for all the defects.

4.3. Experimental Setup and Parameters

The ULTRAPAC Il device is installed at the Laboratory of Marine Engineering. It is an
automated, high-resolution ultrasound system that enables the materials to be examined,
both by contact and by immersion, using one of the two basic test methods, either pulse
echo or through transmission. The results are presented in real time by a personal computer
with the A-scan, B-scan and C-scan illustrations. The ULTRAPAC Il device consists of the
following parts:

Immersion tank made of Plexiglas accompanied by an adapted carriage for moving the
piezoelectric transducer as shown in Figure 4.8 [50]. The carriage consists of two horizontal
arms that allow the transducer to move in two directions. On this system, a perpendicular to
the other two arm is also attached, at the end of which the transducer is placed. This way the
vertical movement of the probe is achieved. The arm is driven by electric motors, but there is
also the possibility of manual movement.

The computer includes the AD-IPR-1210 excitation and analog-to-digital signal conversion
card and the PAC-SMC4 transducer-drive servo control unit. The AD-IPR-1210 card is a 12
bit analog to digital signal conversion device with a pulser-receiver card integrated. The AD-
IPR-1210 card is adjusted to the PC motherboard on a PCI port. It provides the ability to
transmit pulses of 300-400 Volts with duration of less than 10 nsec, which adjusts their pulse
repetition rate, energy and other characteristics. The signal reception section provides
various settings, such as the frequency range of the received signals, between 0.5-30 MHz,
amplification from -20 to 80 dB and the use of high pass-low pass filters. The PAC-SMC4
card controls the movement of the arms, which can move at a speed that can reach 20 in/sec
(500 mm/sec) with a step of 0.00275 in (0.07 mm). Of course, these speeds are determined
by the desired resolution, the probe used, and other factors as well.

ULTRAWIN is a control, recording and illustrating software. It allows real-time collection,
storage and graphic illustration of the data. It runs in Windows XP and allows the control and
configuration of the AD-IPR-1210 and PAC-SMC4 cards.
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Figure 4.8 ULTRAPAC Il immersion tank.

During the testing process, some parameters of the device that apply, both in touch and
immersion, must be properly adjusted in order to obtain the most reliable results possible.

In the AD-IPR Setup tab of Figure 4.9 [50], it is possible to specify the parameters of both
the pulser-receiver (P/R Mode) and the analog-to-digital signal (A/D Signal) conversion card.
The parameters will be presented, not in the order shown in Figure 4.9 [50], but in the order
that they are adjusted when examining the specimen. At the same time, the A-scan display
of the specimen is also open on the computer screen, allowing the user to monitor the
changes made to the received signals. The first thing to determine is the test method. The
software provides us with two options, the P/R (Pulser/ Receiver) method and the T/T
(Through transmission) method. For the purposes of the present work, the examination will
be performed by the P/R method.
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Figure 4.9 A/D and P/R setup.

Next, the A-scan illustration from the Display tab is chosen. With the Delay and Width
options the user determines the time period to observe. In more detail, with the Delay
command the start of the A-scan illustration is moved, in order to observe a specific time
period of the ultrasound waves. In case of composite materials it is advisable to observe the
first set of reflections after the initial pulse, because, due to their high attenuation, they
usually have a very weak second set, making it difficult and sometimes impossible to utilize.
The Width option determines the length of the time period, meaning the thickness of the
specimen for display. This option is adjusted so that all useful reflections are visible.

The user can then choose how the echoes can be displayed through the options (RF), (-),
(+), (F). The user can monitor the full waveform (RF), only the positive rectified waveform (+),
only the negative one (-), or finally the fully rectified waveform (F). The various illustrations
are shown in Figure 4.10 [50].
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Figure 4.10 Possible waveforms a)Full waveform b)Positive rectified waveform c) Negative rectified
waveform d)Fully rectified waveform.

The Display option also determines the Scale of the vertical axis in the A-scan window,
the Wave average, and the Sample Rate (MHz). In order to have a complete and accurate A-
scan illustration, in the Ultrasonic Velocity section the coupling media and test material
velocities are entered.

Having adjusted the A-scan window to test the composite material, it is observed that the
attenuation is very large, to the point where the reflection of the back surface of the material
does not occur. To the AD signal section, Gain is increased and so the entire waveform is
amplified by a specified number of dB. The amplification should be such that the pulses of
the first reflections are slightly below 100% FSH. At the same point in the dialog box stands
the Offset (mV) option. This option determines the lowest limit of the mV, on which the
amplifier will apply the Gain. This choice is particularly important, as noise and useless
reflections with less intensity (mV) can be excluded from amplification and thus not be
confused with reflections from layers or imperfections.

Gates allow the observation of specific reflections, meaning specific thickness of the
material. The gate is a time window, defined by the user of the Ultrapac device, that monitors
a specific time period and that records any pulses that may occur during that time. The
determination of the gates’ height and width is particularly important in order to get the right
results. ULTRAPAC Il enables the user to fix two gates, gate 1 and gate 2. In the gates
dialog box, shown in Figure 4.11 [50], there is the option to activate one gate or both gates at
the same time marking On. In the Gates tab, the Sync option allows the user to synchronize
the gates either with the Initial Pulse or the First echo. The first echo is considered the first
signal viewed on the screen and is the echo of the front surface of each specimen under
examination. This option is very important if the test surface is not perpendicular to the
ultrasound beam in the test piece. The gates will also move relative to the first echo and will
constantly monitor the given area of material, which is not the case if the gates are
synchronized with the Initial Pulse. In this case, the gates are immovable and follow a
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specific area on the axis of time, which, however, may not correspond to the volume of
material that we have decided to examine. Since we have selected gates to synchronize with
the first echo for the purpose of this examination, the Sync Thres setting is important. This
parameter determines the lower percentage of the peak that is considered reliable to receive
as the first echo and therefore reliable to synchronize the activated gate with. Then, in the
gates dialog box, you will find the Detection Thread option. This option determines exactly
the height of the gate. Next, the gate is positioned on the time axis, with the Start option
specifying the distance or time from the initial pulse. Width sets the width of the gate and
indirectly defines the end of the gate. After determining the position and width of the gate, the
way in which the gate will record the echoes that intersect must be determined. ULTRAWIN
software offers four options, or detection strategies. As shown in Figure 4.11 [50] there are
two groups. The first group includes the First and Max options and the second the Thres and
Peak options. These options must always be a combination of one from the first group and
one from the second. That leads to four signal capture strategies, which are presented in
Figure 4.12 and are discussed below.

Gate # |1 «| ¥ On
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i Initial Pulze @+ First Echa
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Figure 4.11 Gate setup.
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Figure 4.12 Detection strategies.

The strategies mentioned above are:

* First Peak: The gate records the first peak that intersects and the TOF (TIME of flight) is
calculated according to the point of the peak.

* Max Peak: The gate records the peak with the maximum amplitude from those that
intersect and the TOF is calculated according to the point of the peak.

* First Thres: The gate records the first peak that intersects and the TOF is calculated
according to the point where the left side of the peak intersects the Gate.

* Max Thres: The gate records the maximum peak of those who cut it and the TOF is
calculated as in the First Thres strategy.

Finally, the Gates dialog box defines the velocity of longitudinal waves inside the test
material (Vel.) and the thickness of the material measured by mechanical means.

There is also one more important setting available; the usage of DAC (Distance Amplitude
Correction) Curves in order to balance the strong attenuation of the wave far from the
external surface of the specimen. That means that amplification is applied on the received
signal. The starting moment has to be defined as well as the ending moment. Additionally,
the starting and ending gain have to be determined. According to these settings amplification
is applied on the signal, but not linear. DAC Curves determine the growth rate of the gain. In
Figure 4.13 some typical DAC settings are presented.
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Figure 4.13 Typical DAC settings

At this point, it should be noted that all of these parameters have to do with A-scan
examination. However, during the experimental process, the specimen was tested also by
immersion, something that required some additional parameters to be adjusted. First, the
scanning area must be defined. By saying scanning area, the area over which the
piezoelectric head scans is mentioned.

The setting starts from the Scanner set up dialog box, shown in Figure 4.14 . Initially, the
Scan Axis is selected, which may be any of the X or Y axes. The X-Y axes are at a plane
parallel to the bottom of the tank, where the specimen lays. On the Z axis the head is located
and is perpendicular to the X-Y plane. For the selected Scan Axis, the Length, the Speed at
which the head will move and the Resolution are determined. The Index Axis is also defined,
which cannot be the same as the Scan Axis. In the Length setting the dimensions of the
specimen are entered. Resolution is defined as the distance between two consecutive points
from which data are recorded, both in the Scan Axis and in the Index Axis. The resolution
can reach 0.07 mm (0.00275 in). The speed of the two axes can be as high as 500 mm/sec.
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Figure 4.14 Scanner setup.

The last parameter to be set for the scan to start correctly is the reference point. The
Scanner Jog dialog box (Figure 4.15 [50]) specifies the scan reference point. The reference
point is the beginning of the x-y-z axis system and is located on the piezoelectric element of
the head. Based on this point, the device records the distances, both at the X-Y plane and on
the Z axis. The beginning of the axle system defines the point of the tank according to which,
after the end of the scan at the plane X-Y, the dimensions of the specimen and the thickness
of the material will be recorded along the Z axis.
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Figure 4.15 Scanner jog setup.

4.4. A-Scan Procedure and Difficulties

The rationale behind the detection of the defects during A-Scan was to make a
comparison between the signal received from a theoretically “healthy” area (with no defects)
near the defect and the signal received from the defect’s position. If an extra echo was
noticed at the under examination depth, then it was considered to be the defect. The range of
the depth that was chosen varied according to the defect. For each defect several tries were
made in order to end up to the depth range that provided clear image of the defect. The ideal
situation is to examine a depth range that covers the area between two layers, where the
defect is.

For the A-Scan to start, all the parameters had to be defined. It was necessary to decide
for each defect separately which settings were ideal. The general rule is that for the deeper
defects higher voltage and damping was chosen, while for the closer defects lower voltage
and damping was chosen. The gain was maintained at the same level for all the depths. The
settings used for each defect are presented below at Table 4.3. Glycerin was used in order to
achieve contact between the probe and the surface.

It is underlined that near field interferes with the entire thickness of the specimen. No
second set of echoes was available, due to the strong attenuation of the beam. Therefore
detection of defects had to be done inside the near field, something that led to a high level of
difficulty. More particularly, near field’s length was 23.9 mm for 2.25 MHz transducer and 53
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mm for 5 MHz transducer, while the thickness of the specimen was calculated around 17.7
mm, as seen later in section 4.5.

More specifically, with the 2.25 MHz frequency transducer more defects were detected
than with the 5 MHz frequency transducer. The reason is that lower frequency provides
higher penetration, which is necessary during the ultrasonic testing of composite materials.
Table lines signed with “-“ are the defects that could not be detected with the A-Scan
method. The reason could be the cylindrical shape of the specimen, which allowed no full
and stable contact of the probe with the surface. Furthermore, the transducer during A-Scan
is controlled manually. That always entails the risk of human error. It is also very important to
note, that the internal structure of the specimen is complex and can lead to signals that do
not represent the real situation inside the cylinder. The user should also be aware that the
sound velocity may vary locally within the specimen based on carbon content and fiber
orientation and therefore lead to variations in results [51]. The fact that near field interferes
with the observed echoes could also lead to lack or wrong estimation of the depth of a
defect. All the above associated with the lack of confirmation of the constructive data from a
competent laboratory could be reasons that lead to inadequate results.

Table 4.3 A-Scan settings.

2.25 MHz 5 MHz
Depth | Voltage Damping Gain | Voltage Damping Gain

No | (mm) (V) (Ohms)  (dB) (V) (Ohms)  (dB)

1| 142 380 2000 60.1 - - -

2 | 142 - - - - - -

3 | 142 380 2000 60.1 - - -

g 4 | 142 380 2000 60.1 | 380 2000 60.1
S 5| 142 380 2000 60.1 - - -
6 | 142 - - - - - -

7 | 142 380 2000 60.1 - - -

8 | 142 380 2000 60.1 | 380 2000 60.1

9 | 925 360 2000 60.1 | 360 2000 60.1

10 | 9.25 360 2000 60.1 - - -
11 | 9.25 - - - 360 2000 60.1
2 12| 925 360 2000  60.1 : - :
S5 13| 9.25 360 2000 60.1 - - -
14 | 9.25 360 2000 60.1 - - -
15 | 9.25 360 2000 60.1 - - -
16 | 9.25 380 2000 60.1 - - -
17 4 380 40.5 60.1 | 360 43.8 60.1
18 4 380 40.5 60.1 - - -
19 4 - - - 360 43.8 60.1
g 20 4 380 40.5 60.1 - - -
s 2 4 360 43.8 60.1 | 380 43.8 60.1
22 4 380 40.5 60.1 - - -
23 4 360 43.8 60.1 - - -
24 4 - - - 360 43.8 60.1
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Special reference is required for defects No. 13 and No. 15, which are consecutive inside
the cylinder and constitute two tangent circles. Therefore they were dealt as one big defect.
Additionally, the surface that the probe had to scan for the detection of defects No.2 (200, 50,
20) was very uneven, as seen in Figure 4.16, something that led to lack of results.

Figure 4.16 Uneven surface at 200 degrees, 50mm.
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4.5. C-Scan Procedure and Difficulties

The rationale behind C-Scan examination was to scan a specific area of a specific length
and width for a predefined depth range. The result was to receive an image that would
illustrate the maximum amplitude’s depth for each position of the probe. The echo with the
maximum amplitude is supposed to be the echo of the defect.

The specimen had to be sunk inside a tank filled with deionized water (Figure 4.17), which
was the coupling liquid for this procedure. The velocity of the water was measured 1.497
mm/ ys. It is underlined that near field does not interfere in this case with the thickness of the
specimen. More particularly, near field’s length was 60.6 mm for 2.25 MHz transducer and
94.3 mm for 3.5 MHz transducer, while the distance from the transducer to the external
surface of the specimen was 100 mm, which was the water path. That led to a more reliable
examination of the received echoes.

Before the beginning of the detection procedure, a thickness measurement took place.
Due to manual rotation of the cylinder, thickness measurement has been done only for the
four basic angles, namely 0 deg, 90 deg, 180 deg, 360 deg, and not for the whole cylinder.
The scanned width was 10 mm and the scanned length was 400 mm, meaning the entire
length of the cylinder. In Figure 4.18 to Figure 4.21 are shown the results of the
measurements. In this case the echo with the maximum amplitude stands for the back- wall
echo.

S

I\t
%

g 22

Figure 4.17 CFRP cylinder in examination tank.
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Figure 4.20 C-Scan thickness measurement at 180 degrees.
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Figure 4.21 C-Scan thickness measurement at 270 degrees.
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In order to prevent repetition, only the angle of zero degrees will be discussed. All other
four angles follow the same pattern. At the beginning a wide range of depth was chosen,
namely from 14 mm to 18 mm depth. As seen in the figure above most of the produced
image is green, which means, according to the scale on the left, that thickness is basically
between 17 mm and 18 mm. The depth range got limited between these two values, as it is
obvious in the third line. The most of the produced image is yellow and orange, which means
that thickness varies between 7.45 mm and 17.95 mm. In Table 4.4 the approximation of
thickness for all four angles is illustrated according to this method.

Table 4.4 C- Scan thickness measurements.

Thickness
Angle — —
Lower limit | Upper limit SAEIET]E

(deg) (mm) (mm) (mm)
0 17.45 17.95 17.7
90 17.45 17.95 17.7
180 17.45 17.95 17.7
270 17.45 17.95 17.7

The settings used for these measurements are presented in Table 4.5.

Table 4.5 Settings for THK measurement with 2.25 MHz probe.

Transducers Frequency (MHz) ‘ 2.25
Gain Offset Pulser Voltage Damping Energy Level HP Filter LP Filter
dB mV \% Ohms VA MHz MHz
15.5 8 380 2000 820 pf 2 7.5

At this point, it could be considered useful to change the nominal depths accordingly with
the thickness deviation. This step was not made, firstly because the increase in thickness did
not necessarily affect all the layers, e.g. the deepest layer, which was first manufactured,
could be on the nominal diameter and the deviation from the nominal data could start from
the second layer on. Secondly, such a change would increase the nominal depths up to 1.2
mm, something that leads to deviations between the nominal and the calculated results up to
2mm. Therefore new A-Scan measurements would have to be taken, something that did not
prove for the most part necessary after seeing the C-Scan results, which confirmed the
already A-Scan measured depths of the defects.
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Afterwards, the process of defects’ detection began. After rotating the cylinder to the
appropriate angle, the scanning length was chosen and was always 200 mm. If the defect
belonged to the first half of the cylinder, then the scan start was chosen at L= 0 mm, if it
belonged to the second half, then the scan start was chosen at L= 200 mm. If the defect was
at L= 200 mm, then the scan start was set at L=100 mm. Another parameter was the
scanning width, which was always 20 mm. This width allowed good quality at the produced
image without large blank spaces. Due to the cylindrical geometry of the specimen, no signal
could be received far from the center line. Figure 4.22 shows a typical set up of the scanner.
Then the appropriate depth range had to be chosen. This parameter is very important and
was always defined after various trials, up until the produced image actually depicted the
under examination defect. The colors of the scale were chosen for each defect according to
the opinion of the operator, in order to make defects as obvious as possible. In Table 4.6 the
basic settings of the setup can be seen, for each defect.

Scanner Setup (Scan #1)

HTZ mm T: degree

Scan Axiz
v Auto Max Res.

#x Y 0z o1
Length Resaln. Speed
|200.000 |o.4292  |25.0000

Index Axiz (1) Bar Rotator? [
o Y CZ T
Length Resaln. Speed

|zoo0o0  |n423z  [20.0000

" File |MNoFile

Indes Axiz [2
2l I~ OnFor Scan

Oy &z T
Length Resaln. Speed
| | |25.4000

Scan Start
S TS W G |0.oo
z [ooo T:[oon S [oon

Scan Hame

# oo T lm G |0.00
Z [ooo T:fopn S [oon

Scan Modes M

Figure 4.22 Scanner setup.
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Table 4.6 C-Scan settings.

2.25 MHz 3.5 MHz

Depth Voltage Damping Gain Voltage Damping Gain

No | (mm) V) (Ohms) (dB) (V) (Ohms) (dB)

1 14.2 380 2000 45 - - -

2 14.2 380 2000 45 - - -

3 14.2 380 2000 45 - - -

Fg'_ 4 14.2 380 2000 45 - - -
8 5 14.2 380 2000 45 - - -
6 14.2 - - - - - -

7 14.2 - - - - - -

8 14.2 380 2000 45 - - -

9 9.25 380 2000 45 - - -

10 9.25 380 2000 45 - - -
11 9.25 380 2000 45 - - -
g. 12 9.25 - - - - - -
§ 13| 925 380 2000 45 - - ]
14 9.25 - - - - - -
15 9.25 380 2000 45 - - -
16 9.25 380 2000 45 - - -
17 4 380 2000 45 - - -
18 4 380 2000 45 - - -
19 4 380 2000 45 - - -
cé_ 20 4 380 2000 45 360 2000 45
52 4 380 2000 45 - - -
22 4 380 2000 45 360 2000 45
23 4 380 2000 45 - - -
24 4 380 2000 45 - - -

The transducer during C-Scan is controlled automatically, something that eliminates the
risk of human error. It is also very important to note, that the internal structure of the
specimen is complex and can lead to signals that do not represent the real situation inside
the cylinder. The lack of confirmation of the constructive data from a competent laboratory is

something that should be reminded and taken under consideration.
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5. EXPERIMENTAL RESULTS

5.1. A-Scan Results

5.1.1. Detailed Presentation of the A-Scan Results

The previously described procedure led to the results shown in the following figures
(Figure 5.1 to Figure 5.27). In the figures below the waveform of each measurement is
illustrated. The first snapshot corresponds to a healthy area, while the second one shows the
defect's area signal. The echo that is considered to represent the defect is in a red box. The
measurement received from the Gate is enlarged in the figure in order to be readable.
Furthermore, a table with the basic settings of the equipment is available for each defect. For
some defects DAC setting was used. All the measurements with the 5 MHz probe for Group
1 and 2 needed this setting, due to the combination of the lower penetrability of the probe
and the longer distance of the defects. DAC setting is obvious, as in this case the echoes
are colored white.
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Starting with Group 1 (d=14.25mm), the results for each defect will be presented. No.1
and No.3 defects were detected only with the 2.25 MHz probe, while No. 2 defect was not

detectable at this point of the experimental procedure.

10.00

| \ | fi 7 1 f
oo [} | \J _1 Ll HHEEER I Qf R R V| M ",_‘;I.HLIIMI
19.00 {mm)

M 460 us)

0.00 [mm]

Water Path: 0.000 [mm] TOF 1.900 [mmfdiv]

1.000 (us/div] Thickness:

an 1)

“"' '[Cl]‘ld 304 -

|
L T g ]

(B HE [ T
| j t ‘ L \ \ / " SATLIABININL N AR

19.00 (mm)

\ H
o | ] L’ J ‘ “'i“

4.60 [us)

0.00 [mm)
Water Path: 0.000 [mm] TOF: 1.000 [us/div] Thicks

Figure 5.1 a) A-Scan on healthy area around defect No.1 b) A-Scan on defect No.1 (2.25 MHz).

s:1.900

Table 5.1 A-Scan settings for defect No.1 (2.25 MHz).
Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
1 |601 0 380 2000 470 pf 2 7.5
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Ch. 1A-Scan (Scan #1)

THK (mm): [C1]14193 1G] 16.019 AMP [3%): [G1]17 [G?] 8

a) [v] ofio 0 200 300 4.00 5.00 6.00 7.00 8.00 a.00 1000 11.00 1200 1300 1400

» ?‘
00 “ Ll U L L \J L‘ L lu ‘IJ

M 1.94(us) 11.94 [us)
0.00 (mm] 19.00 (mm)
WWater Path: 0.000 [mm] TOF: 1.000 [usfdiv] Thickness: 1.900 [mm}div)

Ch. 1 A-Scan (Scan #1)
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Figure 5.2 a) A-Scan on healthy area around defect No.3 b) A-Scan on defect No.3 (2.25 MHz).

Table 5.2 A-Scan settings for defect No.3 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
3 | 60.1 0 380 2000 470 pf 2 7.5

62



For No.4 defect results were found with both the transducers of 2.25 MHz and 5 MHz.

Ch. 1 A-Scan (Scan #1)

TOF [us): [G1] {.540  [G2] 2.105 AMP [5): [G1] 0 [G2] 0
a) lVl nm m 2m 300 400 500 5o 700 800 1000 nmo 5 1zm 1300 1400
) S

\
N J |

M 458 us)

0.00 (mm]
‘Water Path: 0.000 [mm] TOF: 1.000 [us{div] Thickness: 1.900 [mm{div)

14.58 [us]
19.00 (mm]

Ch. 1A-Scan (Scan #1)

AMP [99): [G1] 0 [G2] 51

b) | Tk b T 61] 14, 325 o em w o

[V] |\|||\

14.58 [us]
19.00 (mm)

0.0 J”I Lo
M 458 jus)
0.00 (mm)
.

: 0.000 i
Figure 5.3 a) A-Scan on healthy area around defect No.4 b) A-Scan on defect No.4 (2.25 MHz).

Table 5.3 A-Scan settings for defect No.4 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
4 | 60.1 0 380 2000 470 pf 2 7.5
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Ch. L A-Scan (Scan #1)

THK (mm): [G1] 14.304  [G2] 7.562 AMP [%): [G1] 21 [G2] 20
0

10.00 11.00 2.00 1300 1400

\
(I |\ "'\I | | ‘ | |

‘ " || ‘ | | yuib | |
1 U U U L‘ U ‘_u ‘u u ‘._n LHu ‘lJ ’J \ I | !J i Ll
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AMP (%): [G1] 15 [G2] 27
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|
| [; | ]
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W L' "JL' U

) o Thicknese: .
Figure 5.4 a) A-Scan on healthy area around defect No.4 b) A-Scan on defect No.4 (5 MHz).

Table 5.4 A-Scan settings for defect No.4 (5 MHz).

Transducers Frequency (MHz) 5
No Gain Offset Pulser Voltage Damping Energy Level HP Filter LP Filter
dB mV \% Ohms pJ MHz MHz
4 60.1 0 380 2000 470 pf 2 7.5
DAC SETTINGS
Start Gain End Gain DAC Start DAC End
dB dB us us
0 7.5 0 12
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No. 5 and No.7 defects were detected only with 2.25 MHz transducer, while No.6 defect
was not detected at this phase of the experimental procedure.

Ch. L A-Scan (Scan #1)

THK (mm): [61]14.019  [G2] 16.513 AMP (%): [G1] 31 [G2] 27

a) ilvlu o 200 4 I ‘ I 0 ‘ 14.00

0.0 ; : ] . B [ ; } [ LY
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Figure 5.5 a) A-Scan on healthy area around defect No.5 b) A-Scan on defect No.5 (2.25 MHz).

Table 5.5 A-Scan settings for defect No.5 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms ud MHz MHz
5 | 60.1 0 380 2000 470 pf 2 7.5
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Ch. 1 A-Scan (Scan #1)

THK (mm): [61] 14.019  [G2] 16.000 AMP [%): [G1] 34 [G2] 0
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Figure 5.6 a) A-Scan on healthy area around defect No.7 b) A-Scan on defect No.7 (2.25 MHz).

Table 5.6 A-Scan settings for defect No.7 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
7 | 60.1 0 380 2000 470 pf 2 7.5
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The last defect of the 15 Group, No.8, was detected with both the probes.

Ch. L A-Scan (Scan #1)

THK [mm): [G1] 14.380  [G2] 9.328 AMP [%): [G1] 17 [G2] 10
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Figure 5.7 a) A-Scan on healthy area around defect No.8 b) A-Scan on defect No.8 (2.25 MHz).

Table 5.7 A-Scan settings for defect No.8 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
8 | 60.1 0 380 2000 470 pf 2 7.5
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Ch. 1 A-5can (Scan#1)
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Figure 5.8 a) A-Scan on healthy area around defect No.8 b) A-Scan on defect No.8 (5 MHz).

Table 5.8 A-Scan settings for defect No.8 (5 MHz).

Transducers Frequency (MHz) 5
No Gain Offset Pulser Voltage Damping Energy Level HP Filter LP Filter
dB mV \% Ohms ud MHz MHz
8 60.1 0 380 2000 470 pf 2 7.5
DAC SETTINGS
Start Gain End Gain DAC Start DAC End
dB dB ys us
0 7.5 0 12
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Moving on to the 2" Group of defects (d=9.25 mm), No.9 was detected with both
transducers.

THK [mm): [G1] 8.019  [G2] 0.000 AMP [%): [G1] 45 [G2] 0

0.0 y
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Figure 5.9 a) A-Scan on healthy area around defect No.9 b) A-Scan on defect No.9 (2.25 MHz).

Table 5.9 A-Scan settings for defect No.9 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
9 | 60.1 6 360 2000 820 pf 2 5
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Ch. 1A-Scan (Scan#1)
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Figure 5.10 a) A- Scan on healthy area alound defect N0.9 b) A-Scan on defect No.9 (5 MHz).

Table 5.10 A-Scan settings for defect No.9 (5 MHz).

Transducers Frequency (MHz) 5
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pJ MHz MHz
9 | 60.1 10 360 2000 470 pf 2 5
DAC SETTINGS
Start Gain End Gain DAC Start DAC End
dB dB us us
0 7.5 0 12
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Defect No.10 was detected only with the probe of 2.25 MHz.

Ch. 1A-Scan (Scan #1)
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Figure 5.11 a) A-Scan on healthy area around defect N0.10 b) A-Scan on defect No.10 (2.25 MHz).

Table 5.11 A-Scan settings for defect No0.10 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
10 | 60.1 0 360 2000 470 pf 2 7.5
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No.11 defect was the last defect of the 2" Group detected with 5 MHz probe.

Ch. 1 A-Scan (Scan #1)
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Figure 5.12 a) A-Scan on healthy area around defect No.11 b) A-Scan on defect No.11 (5 MHz).

Table 5.12 A-Scan settings for defect No.11 (5 MHz).

Transducers Frequency (MHz) 5
No Gain Offset Pulser Voltage Damping Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
11 60.1 10 360 2000 470 pf 2 7.5
DAC SETTINGS
Start Gain End Gain DAC Start DAC End
dB dB us us
0 7.5 0 12
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The rest of the defects of the 2" Group were detected only with the transducer with
frequency 2.25 MHz. The signals and settings of them are presented below.
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Figure 5.13 a) A-Scan on healthy area around defect No.12 b) A-Scan on defect No.12 (2.25 MHz).

Table 5.13 A-Scan settings for defect No.12 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms ud MHz MHz
12 | 60.1 0 360 2000 470 pf 2 7.5
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Ch. LA-5can (Scan#1)
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Figure 5.14 a) A- Scan on healthy area around defect N0.13 b) A-Scan on defect No.13 (2.25 MHz).

Table 5.14 A-Scan settings for defect N0.13 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
13 | 60.1 0 360 2000 470 pf 2 7.5
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Ch. 1 A-Scan (Scan #1)
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Figure 5.15 a) A-Scan on healthy area around defect No.14 b) A-Scan on defect No.14 (2.25 MHz).

Table 5.15 A-Scan settings for defect No.14 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
14 | 60.1 0 360 2000 470 pf 2 7.5
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Figure 5.16 a) A- Scan on healthy area aiound defect No.15 b) A-Scan on defect No.15 (2.25 MHz).

Table 5.16 A-Scan settings for defect No.15 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
15 | 60.1 0 360 2000 470 pf 2 7.5
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Figure 5.17 a) A-Scan on healthy area around defect No0.16 b) A-Scan on defect No.16 (2.25 MHz).

Table 5.17 A-Scan settings for defect No.16 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
16 | 60.1 0 380 2000 470 pf 2 7.5
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The last Group of defects (d=4 mm) starts with No.17, which was detected with both
probes.

THK [mm): [G1] 2619 [G2] 0.000 AMP [%): [G1] 20 [G2] 0
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Figure 5.18 a) A-Scan on healthy area around defect No.17 b) A-Scan on defect No0.17 (2.25 MHz).

Table 5.18 A-Scan settings for defect No.17 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
17 | 60.1 9 380 40.5 820 pf 2 5
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Figure 5.19 a) A-Scan on healthy area around defect No.17 b) A-Scan on defect No.17 (5 MHz).

Table 5.19 A-Scan settings for defect No.17 (5 MHz).

Transducers Frequency (MHz) 5
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
17 | 60.1 0 360 43.8 470 pf 2 5
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No.18 and No.20 were detected with 2.25 MHz probe, while No.19 was detected with 5

MHz probe.

THK [mm}: [G1] 4.452  [G2] 0.000
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P T
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Figure 5.20 a) A-Scan on healthy area around defect N0.18 b) A-Scan on defect No.18 (2.25 MHz).

Table 5.20 A-Scan settings for defect No.18 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms ud MHz MHz
18 | 60.1 10 380 40.5 820 pf 2 5
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Figure 5.21 a) A-Scan on healthy area around defect No.19 b) A-Scan on defect No.19 (5 MHz).

‘ |

Table 5.21 A-Scan settings for defect No.19 (5 MHz).
Transducers Frequency (MHz) 5

No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
19 | 60.1 0 360 43.8 470 pf 2 5
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THK [mm): [G1] 3.719  [G2] 0.000 AMP [%): [G1] 32 [G2] 0

B e T S S e B T L T B S B St SR S S L

[
1L
M 3.80 us) 13.80 [us)
0.00 fmm) 19.00 (mm)
Water Path: 0.000 (mm] TOF: 1.000 [us/div] Thickness: 1.900 [mm{div]

AMP [%): [G1] 60 [G2] 0

G1

THK [mm]: I
(&

1 | : ! "
0.0 J |J : \ B | T R fo i ‘_‘I; '
M 3.80 [us) 13.80 [us)
0.00 mm) 19.00 (mm)
Water Path: 0.000 [nm] TOF: 1.000 [us{div] Thickness: 1.900 (mmjdiv)

Figure 5.22 a) A-Scan on healthy area around defect N0.20 b) A-Scan on defect No.20 (2.25 MHz).

Table 5.22 A-Scan settings for defect No.20 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
20 | 60.1 10 380 40.5 470 pf 2 7.5
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Defect No.21 was detected with both probes. No. 22 and No. 23 were detected with 2.25
MHz probe.
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Figure 5.23 a) A-Scan on healthy area around defect No.21 b) A-Scan on defect No.21 (2.25 MHz).

Table 5.23 A-Scan settings for defect No.21 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
21 | 60.1 0 360 43.8 470 pf 2 7.5
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Figure 5.24 a) A-Scan on healthy area around defect No.21 b) A-Scan on defect No.21 (5 MHz).

Table 5.24 A-Scan settings for defect No.21 (5 MHz).

Transducers Frequency (MHz) 5
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
21 | 60.1 0 380 43.8 470 pf 2 7.5
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Figure 5.25 a) A-Scan on healthy area around defect No.22 b) A-Scan on defect No.22 (2.25 MHz).

Table 5.25 A-Scan settings for defect No.22 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
22 | 60.1 10 380 40.5 470 pf 2 7.5
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Figure 5.26 a) A-Scan on healthy area around defect No.23 b) A-Scan on defect No.23 (2.25 MHz).

Table 5.26 A-Scan settings for defect No.23 (2.25 MHz).

Transducers Frequency (MHz) 2.25
No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms uJ MHz MHz
23 | 60.1 0 360 43.8 470 pf 2 7.5
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The last defect, No. 24, was detected with the 5 MHz frequency probe.
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Figure 5.27 a) A-Scan on healthy area around defect No.24 b) A-Scan on defect No.24 (5 MHz).

Table 5.27 A-Scan settings for defect No.24 (5 MHz).
Transducers Frequency (MHz) 5

No | Gain | Offset | Pulser Voltage | Damping | Energy Level | HP Filter | LP Filter
dB mV \% Ohms pd MHz MHz
24 | 60.1 10 360 43.8 470 pf 2 7.5

5.1.2. Aggregated results of A- Scan

One third of the defects could not be detected with A-Scanning, using only 2.25 MHz
probe. Meanwhile 5 MHz probe was useful for the detection of less that the half defects. That
is reasonable, due to the high penetration skills that are needed for composite materials.
Both probes detected overall 22 out of 24 defects. For Group 1, which contains the deepest
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defects, 2.25 MHz probe gave results for almost all the defects, namely for 6 out of 8 defects.
This group of defects was not satisfyingly detectable from 5 MHz probe, which gave results
for 2 out of 8 defects. That was expected according to the previous reference that high
penetration occurs with low frequency probes. In the medium depth of 9.25mm (Group 2),
2.25 MHz probe gave more results, namely 6 out of 8 defects. As expected, some of the
defects that belong to Group 3 and lay closer to the surface of the cylinder were detected
with 2.25 MHz, while other were detected with 5 MHz probe, which provides better

resolution, but lower penetration.

All the above mentioned information is summed up in Table 5.28. It allows certain
conclusions to be drawn, such as that deviations from the theoretical data do not exceed
1mm and that lower frequency indeed led to better results, especially in deeper distances.

Table 5.28 A-Scan results.

Theoretical Data A-Scan Calculations Deviation
2.25 MHz 5 MHz
Angular  Longitudinal Defect Depth 2.25 5
Position Position Diameter  Theoretical Depth Depth MHz = MHz
Calculated Calculated
No' ¢ (deg) Lx (mm) 2r (mm) d_th (mm) | d_calc (mm) d_calc (mm) (mm)
1 50 50 10 14.2 14.3 - 0.1
2 200 50 20 14.2 - - -
3 160 170 40 14.2 14.5 - 0.3
4 270 180 30 14.2 14.33 13.6 0.13
5 45 240 20 14.2 14.6 - 0.4
6 280 320 40 14.2 - - -
7 90 320 30 14.2 14.3 - 0.1
8 340 390 10 14.2 14.6 14 0.4
9 50 45 40 9.25 - 9
10 270 180 10 9.25 9.4 -
11 60 50 30 9.25 - 10.2
12 300 220 20 9.25 8.6 -
13 120 120 10 9.25 10.2 -
14 230 310 30 9.25 9.7 -
15 120 130 20 9.25 10.2 -
16 330 350 40 9.25 9 -
17 85 40 10 4 2.98 4
18 200 50 40 4 4.7 -
19 60 150 20 4 - 35
20 220 200 10 4 4 -
21 120 300 30 4 4.4 4.27
22 300 230 30 4 4.6 -
23 90 380 40 4 3.7 -
24 340 370 20 4 - 3.9

1 defects No. 3, 7, 10, 12, 17, 18, 20, 21, 24 have thickness of 2mm.
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5.2. C-Scan Results

5.2.1. Detailed Presentation of the C-Scan Results

The procedure described in section 4.5 led to the results below. The produced image of
the scanning of each defect is also illustrated in the Figures below (Figure 5.28 to Figure
5.48). The left part of each figure illustrates the depth that corresponds to the echo of the
maximum amplitude at each point. The part that is considered to represent the defect is in a
red circle. The measurement received from the Gate is written on the caption, according to
the scale on the left of the figure. On the right side the maximum amplitude is being
illustrated for each point. Furthermore, Table 5.29 with the basic settings of the equipment is
available. The same settings were applied for all the defects.

Table 5.29 C-Scan settings for 2.25 MHz probe.

Transducers Frequency (MHz) 2.25
Pulser
Gain Offset Voltage Damping Energy Level HP Filter LP Filter
dB mV \% Ohms pd MHz MHz
45 4 380 2000 820 pf 2 7.5

Table 5.30 C-Scan settings for 3.5 MHz probe.

Transducers Frequency (MHz) 3.5
Pulser
Gain Offset Voltage Damping Energy Level HP Filter LP Filter
dB mV \% Ohms pJ MHz MHz
45 5 360 2000 820 2 7.5

Starting with Group 1 (d=14.25mm), the results for each defect will be presented. No.1,
No.2, No.3, No.4, No.5 and No.8 defects were detected only with the 2.25 MHz probe, while
No.6 defect was not detectable at this point of the experimental procedure. Defect No. 7
gave a controversial result, which was not considered reliable and is not presented.

a0 No.1

Ch. 1 Gate 1 AMP

14.65

200 40.0 ED.0 ann 120 180,

14.50

Figure 5.28 C- Scan (2.25 MHz) result No.1 (50, 50, 14.5),d_calc=14.6 mm.
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Figure 5.33 C- Scan result (2.25 MHz) No.8 (340, 390, 14.5), d_calc= 14.5 mm.
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The 2" Group of defects is at the depth of 9.25 mm. Defects No.9, No. 10, No. 11, No. 13,
No.15 and No.16 were detected with 2.25 MHz probe, while No. 12 and No. 14 could not be
detected.

[ mm No. 10

Ch. 1 Gate 1 AMP

b il LIk TEY - | i £ & ¥
MRl A 03 ) K T A YIRS
1 . 80.0 . 40.0 B0.0 80.0 100 .
9.00
TN .
10.20
10.00

[ mm

10.40 ‘ No. 13, 15

40.0 E0.0 ao.0 400 E0D 80.0

10.00 N
Figure 5.37 C- Scan result (2.25 MHz) No.13 (120, 120, 9.25) + No. 15 (120, 130, 9.25), d_calc=10 mm.
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No. 16

Ch. 1 Gate L AMP

40.0 E0.0 an.o 100,

Figure 5.38 C- Scan result (2.25 MHz) No. 16 (330, 350, 9.25), d_calc=9 mm.
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The last Group contains defects at the depth of 4 mm. All defects from No. 17 to No. 24
were detected with 2.25 MHz probe. Only defects No. 20 and No. 22 were also detected with
probe of 3.5 MHz frequency. The figures below present the results.

3l.l;rlllm No. 17

i N -

ZUD 400 60.0 SDD 100, 12D 140 1ED.

an.o 100 120 140 160

140, 1ED.

Figure 5.42 C- Scan result (2.25 MHz) No.20 (220, 200, 4), d_calc=4.75 mm.
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[mm No. 20
4.30

4.00

3.70

Figure 5.43 C- Scan result (3.5 MHz) No.20 (220, 200, 4), d_calc=3.7 mm.

4[_5”|'Jm No. 21

3.50

| 200 400 s00  eod  foo. A do 1e0 180 [ 200 400 B00  BOO 100 120 140 IR0 180,

2.50
Figure 5.44 C- Scan result (2.25 MHz) No.21 (120, 300, 4), d_calc=4 mm.
A No. 22
4.00
\Jlella ; % g % ' J ‘JI'I.J ; E
J.lui.-.ﬁ-ﬂ i ! I".Ini‘.-.’t‘.";-ﬂ i
a0.0 100, 120, 140, 160, B0 80.0 100, 120 140 160
3.50

Figure 5.45 C- Scan result (2.25 MHz) No.22 (300, 230, 4), d_calc=4.5 mm.

Figure 5.47 C- Scan result (2.25 MHz) No.23 (90, 380, 4), d_calc=4.3 mm.
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[ mm

5.00 No. 24

4.00

40.0

3.00
Figure 5.48 C- Scan result (2.25 MHz) No.24 (340, 370, 4), d_calc=4.5 mm.

5.2.2. Aggregated Results of C-Scan

It was impossible to detect most of the defects by using 3.5 MHz probe, contrariwise 2.25
MHz probe provided satisfying results for almost all the defects, except of three of them. All
the above mentioned information is summed up in Table 5.31. It allows certain conclusions to
be drawn, such as that deviations from the theoretical data do not exceed 1.5 mm and that
lower frequency indeed led to more results, especially in deeper distances, as expected
according to the higher penetration of the lower frequency transducers.
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Table 5.31 C-Scan results.

Theoretical Data

C-Scan Calculations

2.25 MHz 3.5 MHz
Angular Longitudinal Defect Depth
Position Position Diameter Theoretical Depth Depth
Calculated Calculated
No? ¢ (deg) Lx (mm) 2r (mm) d_th (mm) d_calc (mm)  d_calc (mm)
1 50 50 10 14.2 14.75 -
2 200 50 20 14.2 14.5 -
3 160 170 40 14.2 14.5 -
4 270 180 30 14.2 13.75 -
5 45 240 20 14.2 14.3 -
6 280 320 40 14.2 - -
7 90 320 30 14.2 - -
8 340 390 10 14.2 14.05 -
9 50 45 40 9.25 8 -
10 270 180 10 9.25 9.2 -
11 60 50 30 9.25 10 -
12 300 220 20 9.25 - -
13 120 120 10 9.25 10 -
14 230 310 30 9.25 - -
15 120 130 20 9.25 10 -
16 330 350 40 9.25 9 -
17 85 40 10 4 29 -
18 200 50 40 4 4.75 -
19 60 150 20 4 4.2 -
20 220 200 10 4 4.75 3.7
21 120 300 30 4 4 -
22 300 230 30 4 4.5 4.5
23 90 380 40 4 4.3 -
24 340 370 20 4 45 -

2 defects No. 3, 7, 10, 12, 17, 18, 20, 21, 24 have thickness of 2mm.
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5.3. Results’ Assessment and Conclusions

5.3.1. Aggregated Results

Table 5.32 contains both A and C-Scan results. From Table 5.32 it is obvious that 2.25
MHz probe was more effective for the ultrasonic examination of a CFRP specimen both for
A-Scan and C-Scan. Higher penetration is absolutely necessary for composites. The
laboratory possessed no transducer of lower frequency, therefore it was not possible to
examine the specimen with an even lower frequency.

Table 5.32 A-Scan and C-Scan results.

Theoretical Data 1st A-Scan Calculations C-Scan Calculations
N 2.25 MHz 5 MHz 2.25 MHz 3.5 MHz
Angular  Longitudinal  Defect Depth
No. Position Position Diameter Theoretical Depth Depth Depth Depth
Calculated Calculated | Calculated | Calculated
4 0] Lx 2r d_th d a d a d_c d_c
(deg) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 50 50 10 14.2 14.3 15.2 14.6 -

2 200 50 20 14.2 - - 14 -

3 160 170 40 14.2 14.5 - 14.4 -

4 270 180 30 14.2 14.33 13.6 13.9 -

5 45 240 20 14.2 14.6 - 14.6 -

6 280 320 40 14.2 - - - -

7 90 320 30 14.2 14.3 - - -

8 340 390 10 14.2 14.6 14 145 -

9 50 45 40 9.25 8.46 9 8 -
10 270 180 10 9.25 9.4 - 9.2 -
11 60 50 30 9.25 - 10.2 10 -
12 300 220 20 9.25 8.6 - 8.75 -
13 120 120 10 9.25 10.2 - 10 -
14 230 310 30 9.25 9.7 - - -
15 120 130 20 9.25 10.2 - 10 -
16 330 350 40 9.25 9 - 9 -
17 85 40 10 4 2.98 4 2.9 -
18 200 50 40 4 4.7 - 4.75 -
19 60 150 20 4 - 3.5 4.2 -
20 220 200 10 4 4 - 4.75 3.7
21 120 300 30 4 4.4 4.27 4 -
22 300 230 30 4 4.6 - 4.5 4.5
23 90 380 40 4 3.7 - 4.3 -
24 340 370 20 4 - 3.9 4.5 -

In Table 5.33 the most representative results are chosen,

corresponding to A and C scan

results of minor deviations. A comparison is made between A and C-Scan results, as well as

between the Scan results and the theoretical data.
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Table 5.33 Choice of final measurements and comparison.

REPRESENTATIVE CALCULATIONS DEVIATIONS
Theoretical Data A-SCAN C-SCAN A .vs.TH C.vs.TH A .wvs.C
No. Angle Thg(;rpett'ical Calljfurl)gge d Calljfurl)gge d Deviation Deviation Deviation
# [0} d_th d_a d_c |d_a-d_th| |d_c-d_th| [d_a-d_c|
(deg) (mm) (mm) (mm) (mm) (mm) mm
1 50 14.20 14.30 14.60 0.10 0.40 *
2 200 14.20 - 14.00 - 0.20 -
3 160 14.20 14.50 14.40 0.30 0.20 0.10
4 | 270 14.20 13.60 13.90 030 030 |
5 45 14.20 14.60 14.60 - 0.40 0.00
6 280 14.20 - - - - -
7 90 14.20 14.30 -
8 340 14.20 14.60 14.50
9 50 9.25 8.46 8.00
10 270 9.25 9.40 9.20
11 60 9.25 10.20 10.00
12 300 9.25 8.60 8.75
13 120 9.25 10.20 10.00
14 230 9.25 9.70 -
15 120 9.25 10.20 10.00
16 330 9.25 9.00 9.00
17 85 4.00 2.98 2.90
18 200 4.00 4.70 4.75
19 60 4.00 3.50 4.20
20 220 4.00 4.00 4.75
21 120 4.00 4.27 4.00
22 300 4.00 4.60 4.50
23 90 4.00 3.70 4.30
24 340 4.00 3.90 4.50
Median (mm)

For the above measurements deviation between A-Scan and theoretical data is not ideal,
as the median of the deviations is 0.43 mm and the maximum deviation is 1.02 mm (defect
No. 17). The deviation between C-Scan and the theoretical data is not good enough as well,
as the median is 0.4 mm and the maximum deviation is 1.25 mm (defect N0.9). Maximum
deviation is a noticeable value for the specific specimen, as it constitutes almost the 6% of
the specimen’s thickness. As mentioned above, the choice of the measurements was made
based on the comparison of A-Scan with C-Scan and not with the theoretical data. Therefore,
it is logical that the deviation between scan results and theoretical data may be significant.

What matters more is the deviation between A and C-Scan measurements, which should
agree. Maximum deviation there is 0.75 mm, for No. 20, and the median is 0.2 mm. The
representative value of the median of the deviations is considered low enough. In Table 5.33
a colored scale is applied on each column of deviations in order to compare them. Green is
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minimum and red is maximum value. For the column of A .vs. C-Scan only the 3" group of
defects shows significant deviations.

It is noticed that A-Scan always underestimated the result in comparison to C-Scan for
these cases. This could be explained, because for A-Scan the near field of the transducer
interferes with the echoes of the inside of the specimen and there is a possibility that the
operator comes to false conclusions as regards the first echo or a measurement. C-Scan
does not entail this risk, as the probe was situated far enough from the specimen.

Table 5.34 Percentage discrepancy between measured and theoretical data.

PERCENTAGE
SELECTED MEASUREMENTS DISCREPANCY
Theoretical Data A-SCAN C-SCAN A.vs. TH C.vs. TH
Theoretical Depth Depth

No | Angle Depth Calcuﬁated CalchI)ated
# [0) d_th da dc

deg mm mm mm % %
1 50 14.2 14.3 14.6 0.70 2.82
2 200 14.2 - 14 - 1.41
3 160 14.2 14.5 14.4 2.11 1.41
4 270 14.2 13.6 13.9 4.23 2.11
5 45 14.2 14.6 14.6 2.82 2.82
6 280 14.2 - - - -
7 90 14.2 14.3 12.75 0.70 10.21
8 340 14.2 14.6 14.5 2.82 2.11
9 50 9.25 8.46 8 8.54 1351
10 270 9.25 9.4 9.2 1.62 0.54
11 60 9.25 10.2 10 10.27 8.11
12 300 9.25 8.6 8.75 7.03 5.41
13 120 9.25 10.2 10 10.27 8.11
14 230 9.25 9.7 - 4.86 -
15 120 9.25 10.2 10 10.27 8.11
16 330 9.25 9 9 2.70 2.70
17 85 4 2.98 2.9 25.50 27.50
18 200 4 4.7 4.75 17.50 18.75
19 60 4 35 4.2 12.50 5.00
20 220 4 4 4.75 0.00 18.75
21 120 4 4.27 4 6.75 0.00
22 300 4 4.6 4.5 15.00 12.50
23 90 4 3.7 4.3 7.50 7.50
24 340 4 3.9 4.5 2.50 12.50

The percentage discrepancy between the theoretical and the calculated data is also
illustrated in Table 5.34, but as mentioned above this difference is not the criterion of the
results’ assessment. A final table with the comparison between A and C-Scan is below.
Table 5.35 shows the percentage discrepancy of A-Scan from C-Scan measurements, using
a colored scale. C-Scan is considered to be a more reliable method therefore C-Scan
measurements are used as the values from which the discrepancy is measured.
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Table 5.35 Percentage discrepancy between A and C-Scan measured data.

SELECTED CALCULATIONS PERCENTAGE DISCREPANCY
. A-SCAN C-SCAN
No. Theoretical A vs. C
Depth Depth Depth
Calculated Calculated
" d_th d a dc |[d_a-d_c|/d_c
(mm) (mm) (mm) (%)
1 14.2 14.3 14.6 2.05
2 14.2 - 14 -
3 14.2 14.5 14.4 0.69
4 14.2 13.6 13.9 2.16
5 14.2 14.6 14.6 0.00
6 14.2 - - -
7 14.2 14.3 - -
8 14.2 14.6 14.5 0.69
9 9.25 8.46 8 5.75
10 9.25 9.4 9.2 2.17
11 9.25 10.2 10 2.00
12 9.25 8.6 8.75 1.71
13 9.25 10.2 10 2.00
14 9.25 9.7 - -
15 9.25 10.2 10 2.00
16 9.25 9 9 0.00
17 4 2.98 2.9 2.76
18 4 4.7 4.75 1.05
19 4 3.5 4.2
20 4 4 4.75
21 4 4.27 4 6.75
23 4 3.7 4.3
24 4 3.9 4.5

5.3.2. Lessons Learned and Conclusions

During the A and C-Scan procedure various conclusions were drawn. As regards the
transducers’ choice for testing a filament wound CFRP specimen, the conclusion was that
frequencies higher than 2.25 MHz are not suggested. This material also requires high Gain,
Voltage and Damping, as all composites, while closer to the surface lower Damping and
Voltage seem helpful for a better result.

As regards the specimen, wound filament composites with curved surfaces are very
difficult to examine. Layers are not definite, as in composites from laminated FRP fabrics.
Composite materials entail on their own the difficulty of strong attenuation and diffusion, all
the more when the specimen is curved. Lack of flatness leads to loss of a great part of the
signals. These specimens require much effort, in order to eliminate the risk of a false
measurement. C-Scan results produce more reliable measurements and that leads to the
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necessity of scanning in a laboratory and not on the construction site. Furthermore, the
thickness of the specimen was not ideal. Thinner specimens are easier to handle, since a
clear back-wall echo is received. According to the thickness of the specimen and the depth of
the defect, the diameter and the frequency of the transducer have to be chosen. That would
determine the near field length that should better be avoided. The thinner the specimen is,
the smaller the diameters and the lower the frequencies of the transducer should be.

Additionally, Teflon was used for the simulation of delaminations. Vacuum behaves
differently inside a composite material, in terms of ultrasonic examination. There would be a
stronger echo, due to the great impedance difference between the two areas. Vacuum has
the characteristic of reflecting 100% of the incidental wave, while Teflon surrounded by resin
would naturally absorb a percentage of the transmitted energy. Vacuum, therefore, would
lead to stronger echo and clearer results. Also since the ultrasound would not be transmitted
through vacuum, after the delamination no signal would be received.

5.3.3.  Suggested Research

As presented above, plenty of difficulties occurred not only with manual scanning (A-
Scan), but also with automated scanning (C-Scan). Further research is suggested to areas
that would simplify the procedure, minimize human mistakes and lead to more reliable
results.

This could be scanning thinner tubes or tubes with a liner that would lead to more
complete and reliable signals. Having a clear back-wall echo is very important for Ultrasonic
Testing of materials. When it comes to composites, thick specimens do not allow a clear
back-wall echo.

Furthermore, it is suggested that further research is made with examination accessories,
such as a rotated base or a bar rotator. These would allow the automated rotation of the
cylinder and therefore the more accurate detection of the defects. Heads and accessories
that can be adjusted to the shape of the specimen could also be used, e.g. spring loaded
swivelling heads, contoured wedges.

Useful would also be the examination of a CFRP cylinder with a transducer of smaller
diameter or lower frequency (e.g., 0.5 MHz) that would lead to higher penetration, shorter
near field and probably a clearer back-wall echo. However, the strong attenuation of
ultrasonic waves inside composite materials made by filament winding method could always
lead to weak or non-existent back-wall echo, especially for thick specimens. Delay line
transducers could also be used, because they have a wedge, which is a short piece of plastic
or epoxy material at the front. These probes place the dead zone and the near field outside
the under examination specimen, offering improved resolution near the surface and allowing
more accurate measurements.
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APPENDIX A

As mentioned in Chapter 5, before the main experimental procedure practice had to be
done for A-Scan. First a metal plate with a weld and then three composites from the diploma

thesis of Mr. Themelakis were examined.

Stainless Steel Al Plate

This specimen is a stainless steel plate with a weld. Both geometrical characteristics of
the plate and information for the flaws are given in the NDE inspection report shown in Figure
A. 1. The three types of flaws that occur are incomplete root penetration, porosity and side-

wall crack.
t -
*Quality Flaws Assured’
NDE INSPECTION REPORT
ULTRASONIC
Customer Nitrammon Date' 02/10/2006.
Specimen ID PL 10307 Specimen Type Plate
Dimensions 300 x 20 [ mm | Acceptance Spec. | SI/08/88
Weld/Specimen Cross Section(s)
L —
af 2
3 {
e ———
To Scale
Flaw Flaw Flaw Length Distance from 0 Max UT Indication

No Type mm _mm dB Angle

1 Incomplete Root Penctration g 14686 : gg

2 Porosity

3 Side Wall Crack 22 236 +2 60
Comments:
[inspector | Gary Stott [ Signed |

Figure A. 1 NDE inspection report of S/S Al plate.
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Two angle probes were used for the examination of the weld. Both probes had a
frequency of 4MHz. The first had a 60° angle, while the second had a 70° angle. A V2
calibration block was used in order to determine the velocity of sound in the material.

In order to detect a flaw in or around a weld some calculations have to be made. The most
important calculation is the appropriate position of the probe (skip distance) and should be
determined according to Figure A. 2 [30]. Bz in our case is either 60° or 70°. The probe is
transferred accordingly to the desired end-up-point. The desired end-up-point varies
according to the area that should be examined (root, toe, heat affected zone, etc).

9"..

SKIP DISTANCE >|

2
129
9N&”$

So
%d%*@
g7

V PATH T
OR = Refracted Angle leg =
Cos ()R
T = Material Thickness
2T
. . i V-Path = ———
Skip Distance 2T x Ta neR Cos en

Figure A. 2 Sound path and important calculations for weld inspection.

Flaws’ lengths were measured and flaws’ positions were detected. The calculations
agreed at a satisfactory level with the data from the NDE inspection report.

COMPOSITE SPECIMENS

As mentioned above these specimens were constructed and examined from Mr.
Themelakis. Therefore all data regarding flaw depths and specimens’ geometry were taken
from his diploma thesis [31]. The specimens A, B1, B2 seen in Figure A. 3 were used. For
the sake of brevity, the general procedure will be explained, but only one numerical example
will be presented.

Firstly, velocity was calculated on each material of each specimen itself. No calibration
block was used. Each part was examined from both sides, but that did not always led to
results. Steel matrix in specimens B1 and B2 led to easier examination of the specimens, as
the echo that represented the interface GFRP-steel had high amplitude.

More specifically, flaw No.1 of specimen A (Figure A. 4) will be used as a numerical
example. Specimen A is a sandwich type composite, where skin is GFRP of thickness 2.5
mm each. Matrix is Balsa with thickness 30 mm. As seen in Figure A. 5 flaw No.1 was
detected at the depth of 28 mm, which is an accurate measurement.
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SPECIMEN A

Sandwich skin

o)

Sandwich core

I | |

L Sl :

| Sandwich skin

Sandwich core

M

Main dimensions:
tc = 30 mm (core thickness)
tsk = 2.5 mm (skin thickness)

L =200 mm
L1 =140 mm
L2=70 mm
W =100 mm

H = 35 mm (total sandwich thickness)

SPECIMEN B1 ‘

‘ SPECIMEN B2

Sandwich skin
Sl’EE

L

L N|
|

2 I Sandwich skin

Main dimensions:
tc =6 mm

tsk = 2.5 mm

L =200 mm

L1 =140 mm

L2 =70 mm

W =100 mm
H=11mm

Figure A. 3 Specimens examined for practice.

N|
i

Main dimensions:

tc =10 mm
tsk = 2.5 mm
L =200 mm
L1 =140 mm
L2 =70 mm
W =100 mm
H=15 mm

Figure A. 4 Specimen A.
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Figure A. 5 Flaw No.1 detection (specimen A).

The steps Mr. Themelakis mentions led to accurate measurements and set the basis for
familiarity with UT inspection of composites.
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