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Abstract

Many fatal accidents such as; the explosion of gas pipes collapse of structures
of the factory, tearing of the fuselage caused by a crack that was initially small crack. As
a result of the tensile or compressive forces acting on the structure, over time, the
appearance of cracks will grow and cause the fracture toughness to decrease quickly and
indefinitely. Predicting the exact time of the appearance of a flaw is impossible. However,
the work periodically checks for detecting the appearance of a flaw or predicts its
behaviour at a location and dimensions are a necessity. This activity is an inspection to
guarantee the quality of physical products or structural components in the process
activities in its standard requirements. Non-destructive inspection or classified as non-
destructive testing (NDT) has the general advantage of being low-cost, saving evaluation
time and especially not changing the shape or characteristics of the test object along in
evaluation.

One of the NDT methods is the electromagnetic method or the eddy current
method. The principle of this method is the process of inducing a magnetic field into the
test object. The object's response to the magnetic field translated to predict the
characteristics of the test pieces. Furthermore, the phenomenon of the measurement
targeted is the presence and dimensions of the flaws. Initially, eddy current probes use a
single coil as a sensor [1], the working principle of the probe measures the change in
impedance that occurs when testing. The detection signal from this probe is powerful but
cannot be used to predict the depth of the flaw that produces much noise due to the lift-
off effect. Following that, the EC probe model developed with a separate receive-
transmission eddy current probe model consisting of two separate coils as exciter and as
a detector. This separation effective to reduce the effect of lift-off and can be potential to
predict the depth of the flaws. However, the signal is weak and requires a signal amplifier
circuit. Besides, confidence for the measurement results of flaw depth is still low.

The next focus is to obtain a reliable flaw depth measurement. The design of the
Hoshi probe as the first Uniform eddy current (UEC) probe developed. This probe
consists of an excitation coil with tangential orientation, and a detector coil positioned
pancake to obtain unique characteristics of self-differential and self-nulling.

These characteristics will only produce a detection signal when a flaw detected.
Meanwhile, the signal amplitude represents information of the depth of flaw. The concept
of tangential excitation coil has given the idea to several other UEC probe models. Based

on the circulating of eddy current generated, all models are grouped into two types of



probes. First is one-directional UEC probes that have UEC circulations only one direction
alternating. Second is the rotating UEC probe that has the direction the circulation is one-
way and rotating.

The structure of one direction probe is more straightforward but in practice, its
application requires twice scanning process in the x and y direction, to satisfy the test
standards. Meanwhile, the second type of probe structure has a bit complex, but the
scanning is faster, which do only one direction, the x-direction or the y-direction, so it
saves time. However, all those probes ware still unsatisfied because their detection signals
are small and require an amplifier circuit. This small signal detection was a limitation to
detect for smaller flaws dimensions.

In this study, a new UEC probe design that has multiple excitation coils and a
detector coil which are all pancake oriented have self-differential, and self-nulling
characteristics presented. The model has simulated, and the experimental verifications
have done. The aim of the developed of the new UEC probe is to improve detection
signals and immune with the effect of lift-off. The magnetic field of the double excitation
coils succeeds to generate a large uniform eddy current, which makes the opponent's
magnetic field also increase. As a result, the induction to the detector coil also increases.
The new UEC probe called the Butterfly probe made for two types; One-directional
Butterfly probe and Rotating Butterfly probe.

The simulation resulted show the success where the induction of the Butterfly
probe increased significantly approximately 1.8 times compared to conventional UEC
probes with the tangential excitation coil. The simulation also succeeded in showing eddy
current circulation patterns from the One-directional Butterfly probe and the Rotating
Butterfly probe following its hypothesis.

Experimental verification has shown satisfying results where the detection
signal containing clear two peaks. The distance between of peaks represents the flaw
length and the signal amplitude proportional to flaw depth. The low amplitude, which is
close to zero between the two peaks indicates that the probe has self-differential and self-
nulling properties. Meanwhile, the Rotating Butterfly Probe has succeeded to detect flaws

with various orientation.
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Chapter 1
1. Introduction

1.1. Background

Flaws in structural components are conditions caused by tensile forces or
compressive forces working on the structure. The appearance of a flaw is a sign of hazard.
Over time, the flaw will grow and reduce the strength of the fracture so that it can cause
serious damage.

Flaws are defined as imperfections or discontinuities that can be detected by
non-destructive testing and cannot always be rejected according to the American Society
for Testing and Materials (ASTM) E1316-17a standards.

An impossible to predict the exact timing of the emergence of a flaw. But the
work of predicting the behavior of flaw in a location, and its dimensions are a necessity.
To guarantee the quality of a physical product or components of the structure in the
process activities in its standard requirements, inspection activities are carried out.

Inspection is a process of checking visually or involves sensing sensors.
Inspection activities include measurements and tests that follow the specific
characteristics of the standard requirements that guarantee quality control of a product or
process activity. Usually, the nature of these inspections is non-destructive or classified

as non-destructive testing (NDT). NDT has the general advantage of being low-cost,



saving evaluation time and notably no changing the shape or characteristics of the test
object in its evaluation. There are eight popular NDT methods used in their application.
Each method has a typical working principle to fulfil the demands of precise measurement
specifications in evaluation services.

One of the nondestructive testing methods is the electromagnetic testing method.
This method performs the process of inducing a magnetic field into the test object. The
object's response to the magnetic field can describe definite characteristics of the object.
The phenomenon of objects that are become the target of measurement is the existence

and dimensions of the flaw.

1.2. Eddy current testing in NDT

Existing electromagnetic methods are used such as eddy current testing (ECT),
remote field testing, magnetic flux leakage testing, magnetic particle inspection and
alternating current field measurement.

The popular electromagnetic method developed in NDT is eddy current testing.
This testing is an old testing method. However, since the last two decades, it has been
developing because of its potential ability are quick, versatile, sensitive, does not require
preparing of surface, and is easily adapted to the automation of test devices.

The growing demands of the ability of the testing probes like as increasingly
high for standard criteria, and the ability of special functions for scanning of increasingly
diverse material characteristics, these demands make the researchers continue to conduct
studies to develop new probe models.

In the beginning, the eddy current probe was a single-coil type, the probe

consisted only of an excitation coil which also functioned as a detection coil. The working



principle of the probe measures the change in impedance that occurs in the probe when a
phenomenon changes the test object characteristic [1]. This Probe model is simple, easy
and produces a detection signal that is strong enough for the evaluation criteria to detect
the location of the flaw and predict the length of the flaw. However, this type of probe has
the disadvantage of being unable to predict the depth of a flaw. The effect of the lift-off
of the coil on the test object significantly affects the impedance. Thus, the measurement
results are fake.

The transmit-received probe model was developed. The probe consists of two
coils, the excitation coil and the detection coil. The coil function separation is to reduce
the effect of the lift-off on the excitation coil when measuring. This method was
successful in reducing the effect of lift-off. However, the detection signal becomes weak.
It takes more excitation power to increase the detection signal. Besides, the confidence
for the flaw depth measurement results is still low, because although the effect of the lift-
off has reduced, it still has a significant effect on the ratio of signal to noise, where the
detection signal is low [2].

In 1996, Hoshikawa and Koyama presented a Uniform eddy current (UEC)
probe. The probe consists of two separate coils, the excitation coil and the detection coil.
Excitation coil with tangential orientation and detection coil with pancake orientation
positioned in the center of the excitation coil [3]. This position is the essence of this model.
With this concept, the eddy current that appears below the excitation coil has a relatively
uniform amplitude intensity. This condition causes the detection signal arises by the
detection coil to have the characteristic of keeping electromotive force (EMFs) generated
on the coil parts or called self-differential characteristics. Because of these characteristics,
in a balanced EMFs condition on the parts of the detection coil, the resulting detection

signal is zero, which is said to be a self-nulling characteristic. This concept can produce



reliable flaw depth measurement signals. However, the tangential orientation of the
excitation coil causes the detection signal to become weak. So, it requires a signal
amplifier circuit.

At present, demands for NDT instruments such as eddy current probes are
moving towards portable, low-power devices, long battery operation times, high
sensitivity, and it can detect flaws that are getting smaller and buried. This challenge is
the basis for the authors to research developing a new UEC probe with a double excitation

coil trend and has self-differential and self-nulling properties.

1.3. Motivation and Objectives
Motivation

The primary motivation of this research is to answer the question, can a new
UEC probe be designed with two advantages, have high sensitivity and trust to predict
the depth of a flaw? Both of advantages are a combination of advantages possessed by
conventional EC probes that have strong induction capabilities to produce high sensitivity
to detect a flaw, with the advantages possessed by the UEC probe which has the

confidence to measure the depth of a flaw.

Objectives
The main objective of this research is to develop a UEC probe which has a strong
induction, thereby increasing the sensitivity of the UEC probe and the probe has
differential and self-nulling characteristics. The research activity has five specific
objectives as follows;
e To identify the shape and orientation of the UEC probe structure to improve

detection capabilities;
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e Todesign and observe the one-directional UEC probe with a pair of the rectangular
excitation coil and a circular detection coil in which all coils are pancake oriented;

e To design and observe a rotating UEC probe with two pairs of the rectangular
excitation coils and a circular detection coil with all of the coils are pancake
oriented;

e To validate the UEC probe developed has self-differential and self-nulling

properties and its sensitivity have increment.

1.4. The Outline of Dissertation

This dissertation divided into 5 chapters. Chapter 1 briefly presents the
background, motivation, goals, work contributions and achievements of the research. This
research explores the development of a UEC probe to detect flaws on aluminium material
to possess a more sensitive detection capability. The proposed probe model is a separate
transmit-received probe type using multiple coils. The working principle of the probe is
to generate eddy current in one direction. Besides that, it also proposed the second model
that uses principle a rotating eddy current.

Chapter 2 briefly presents a literature review related to theoretical of EC, the
principle of testing eddy currents for detecting flaws, factors that influence the sensitivity.
Study of UEC probe configuration, UEC characteristics, self-differential and self-nulling
detector characteristics, and two types of UEC distributions; one direction UEC and
rotating UEC.

Chapter 3 presents a new one-way directional UEC probe design with a pair of
pancake-oriented excitation windings and has self-differential and self-nulling
characteristics. Design simulations and experiments carried out to scan flaws in aluminum

plates show a significant increase in the sensitivity.



Chapter 4 presents a new design of a rotating UEC probe with two pairs of
excitation coils pancake-oriented and has self-differential and self-nulling characteristics.
The simulation show the rotation of the eddy current distribution, and experiments carried
out shown the ability of the probe to detect flaws with two orientations, perpendicular and
parallel against the length of flaws.

Chapter 5 is the conclusion. It presents summarizing the significant results
obtained from this research work. Recommendations for the development of two new

UEC designs with multi-oriented pancakes presented.



Chapter 2

2. Study on the Configuration of
Uniform Eddy Current (UEC)
Probes

2.1. Introduction

Eddy current (EC) technique is one fundamental electromagnetic nondestructive
evaluation technique [4-6]. This technique is common widely used in industries like a
power plant, aerospace, petrochemical and other industries. One popular using of it is to
evaluate the size of flaws on the surface or sub-surface flaws in components made of
metallic materials [8-11]. Besides, it is also used traditionally for assessing the adequacy
of heat treatment of alloys, as eddy currents are sensitive to changes in microstructure and
stresses, electrical conductivity and magnetic permeability of the material [1]. To date,
researchers in both academe and industry continue to investigate and develop new eddy
current probes to achieve high signal-to-noise (S/N) ratios to be able to predict the size of

the increasingly smaller flaws. [7-8].

2.2. Eddy Current Technique

Eddy current testing (ECT) is a useful way to detect fatigue cracks in the conductive



material. Many advantages, such as high sensitivity, fast scanning, non-contact inspection,
and flexibility, contribute to their extensive utilization [12]. It was also able to test surface
flaws that have layers without having to remove layers [13, 14]. However, demands in
the future demand to further enhance the diagnostic capability of detection of eddy current
probes to become more sensitive and more complex testing reference standards, this
condition requires the development of techniques and the development of application
instruments also. For this reason, development in the field of surface flaw testing expected

to contribute to the user community.

2.2.1. Eddy Current generating principle

In principle, the eddy current technique is the pattern of the relationship between
the magnetic field exciter and conductive material. The principle of generating a detection
signal from the detection coil follows Maxwell's law, as illustrated in Figure 2.1. When a
coil in the airspace and current i(7) flows, then the potential magnetic vector 4 appears in

the space (x, v, z).

Opponent’s magnetic field
r'y

Current

Ho, 0 = 0
A(x, v,z t)\Area
] =0E O ‘

Eddy current

wo

| Conductor |

Figure 2.1 Coil and conductor.



The relationship between the current density J and the magnetic vector potential 4 is as
given in equation (2.1).
moJ

4=1 : ~av (2.1

The relationship between magnetic vector potential 4 and magnetic flux density B is as
shown in equation (2.2).

B=VXA (2.2)

Therefore, when a conductor arranged under the coil, an electric field £ is generated
according to equation (2.3). Next, the eddy current J is generated by this electric field

(2.24), where, o is the conductivity of the conductor.

0B
VXE=—— (2.3)

J =0k (2.4)

The magnetic field is generated by the current i(¢) on the coil, and the magnetic field
that arises because the eddy current determines the overall magnetic field. Then, this
magnetic field produces electromotive force in the test coil, as shown in Eq. (2.5).

Therefore, this concept is the concept of generating electromotive force ¢ in the test coil.

_ d®g
T T 4
d
£=—- B-dS (2.5)
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Another idea is that the electromotive force € in a coil caused by the electric field

generated along the windings of the coil, as shown in Eq. (2.6).

szjg E.dl
c

o=§ (-5 2o

When the test coil arranged positioned close to the conductor, as shown in Figure
2.2, the electric field in the conductor corresponds to the eddy current distribution, in
which the component of the electric field in the direction of the eddy current contributes
to the electromotive force.

The shape of the excitation coil determines the distribution of eddy currents.
Consequently, there is a relationship between the electromotive force that appears with
the shape of the coil winding. Therefore, the design of the test coil shape will determine

its characteristics [15, 16].

EC excitation coil Magnetic field

4
Eddy \\ / / Opponent’s

tic field
current g magnetic fie
z \ .

Test piece
y X

Figure 2.2 Principle of eddy current technique.

Furthermore, its interaction with physical phenomena in conductor can cause eddy
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current distribution patterns to change. This changing affects the opponent's magnetic
field pattern, which will eventually be captured and interpreted as a phenomenon of the
conductor.

The principle of simplicity, the magnetic exciter field is a coil that equivalent to
an impedance Z,. It is a complex number parameter, as shown in equation (2.7). This
impedance is the ratio of the excitation voltage v, to the frequency f and the current i,
flowing in the coil. In phasor diagram, it has magnitude | Z | and phase ¢, as shown in

equation (2.8).

1% . .
Zy = O/io =R, +jXo = Ro + j27fL, (2.7)

Zo=RZ+ X2 = Z|, (2.8)

When the excitation coil approaches the conductive test material, the interaction
between the two causes the induction occurs and changes the coil impedance of Z, to
Z., as shown in equation (2.9):

Z.=R.+jX.=R.+j2xfL, (2.9)
where R, X., and L. represents the new of real number, imaginary and inductance
coils respectively. The difference between Z, and Z. is then the basis for the

interpretation of the physical phenomena of the test piece [17].

2.2.2. Eddy Current Equivalent Circuit Model

To understand, the interaction between the excitation coil and the test pieces, this
situation is modelled with the equivalent transformer circuit, as shown in Figure 2.3. The
primary circuit consists of R, and L, components representing the excitation coil while
the closed circuit with components L, and R, + jX,, represent the test pieces. A resistor

R. representing the resistivity of the test piece and an imaginary part jX,, representing
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the mutual induction of a closed circuit. Mutual coefficient k& is a representation of the

effect of the distance between the coil and the test object [17].

R,
1
— — k —
1 I, .
v L, Ly Re +jXm

Figure 2.3 Equivalent circuit of interaction coil and test piece based on a transformer.

Following Kirchoff's law, the equivalent circuit is expressed by equations (2.10)
and (2.11):

Ryl + jwLol — joM,l, = v (2.10)

Rl + jXmle + jwLyl, — joM;I = 0 (2.11)

where w is 2zf. M, and M, are the mutual induction of both inductors L, and L;.

M, = kL, and M, = kL,. Furthermore, Association of equation (2.10) results (2.12).

;o JoMil (2.12)
® R,+jXp+ jwl,

Then we substitute equation (2.12) to (2.10), and we were obtained Z..

joM, I ) (2.13)
=7V

Rol + jwLyl — jwM, (R X+ ol
e m

2w MM 2.14
<R01+ij01— L@ ) 19

R, + jX, +jwlL, )

w*M M, (2.15)
R, + jXm + jwL,

Zczv/I=R0+j(UL0+

k2L0L1w2 (2.16)
R, +jwLy +jX;,

ZC :RO +]L0(U+
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When the coil is free without being close to the test piece, the mutual coefficient
k is zero, so Z, isthe same as equation 2.7. Then when the coil is positioned above the
test piece surface, the coil impedance becomes Z., as shown in equation (2.16).

Furthermore, from equation (2.16) the inductance and resistivity characteristics of
the primary circuit reduced to obtain values of the inductance and the resistivity of the

primary coil.

k?LoL;w? R, —j(wL; + X
ZC=R0+J-L0w+( “Loly )( Jj(wly m)) 2.17)
R, +]((UL1 + Xm) R, _](le + Xm)
k?LoL;w?R, — jk*LyL w?*(wL, + X (2.18
Z. = Ry + jLow + oLl e2 ] oLiw*(wLy m) )
Rz + (wL; + X,,)

k?LyL,w?R ik?LoLiw?(wL, + X (2.19)
Zc=R0+jLow+< ol1 e >_<] oLiw*(wly m))

RZ + (wL; + X)) RZ + (wL; + X))

.
+<°w ( RZ + (wLy + Xp)
~

R Xc

ZC=R0+<

k%LyL,w?R, >
Rz + (wL, + Xm)/

jk?LoLyw?(wly + Xm)> (2.20)
/)

Thus for R. and R, are:

k?LoL,w*R
Re = Ro + (o Lol1”Re (221)
RZ + (wLy + X,,)
¥ = Lo — jk?LoLiw?*(wLy + Xp,) (2.22)
¢ =Jk RZ + (wl; + X,)

Both of equations (2.21) and (2.22) show that the coil characteristics change due
to the appearance of eddy currents. Where the value of the coil resistivity increases
marked by the operation sign ‘+’ in the second term of (2.21). While the value of the
coil inductance decreased, it showed by operation ‘-’ in the second term of (2.22).

In addition, & as the coefficient of representation of the distance between the coil
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and the test piece becomes something that affects the measurement results, where it called

the effect of lift-off [17].

2.3. UEC Technique

In the case of tests carried out for test plate pieces with coated surfaces or uneven
surfaces such as in weld areas and detection locations at the edges, conventional ECTs
confront challenges where the detection signal produces much noise. This noise generally
effected by lift-off. For this reason, it is essential to develop eddy current probes that are
resistant to noise interference [10, 18].

Furthermore, future eddy current probe modification demanded higher detection
capabilities with unique features such as self-nulling, self-nulling and noise-free of lift-
off. The proposed design uses the UEC concept in which eddy currents have a straight-
line pattern in part of its distribution. This pattern differs from the circular eddy current
pattern of the conventional EC probes. To obtain this pattern, the geometry of the exciter
probe coil must in tangential positioned, while the geometry of the detector coil can be in
tangential or pancake position. The UEC probe design provides small lift-off noise and a
steady phase signal. This information is a guarantee of confidence for predicting

quantitative measurements of flaw depth [10, 12, 14, 17, 19, 20].

2.4. Characteristics of UEC

Conceptually, the UEC has an eddy current flowing in a straight-line pattern which
is generated by the tangential rectangular excitation coil. Figure 2.4(a) shows the sectional
view, indicating the flow of the UEC and magnetic flux of the tangential excitation coil.
A tangential rectangular excitation coil with alternating current supply generates a

magnetic field, and the eddy current is induced on the surface of the test piece.
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Tangential rectangular excitation coil
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Figure 2.4 Principle of generation of the UEC. (a) Sectional view indicating the flow of
the UEC and magnetic flux of the tangential excitation coil. (b) UEC area on
the surface of the test piece. (c¢) Relationship between the excitation current
and the amplitude of the uniform eddy current on the UEC area.
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The UEC flows on the surface of the test piece, parallel to the winding direction of the
excitation coil. The uniform eddy current occurs in straight lines perpendicular to the
magnetic fields, which are in a specific area, green box dot line of Figure 2.4(b). As the
amplitude of the excitation current changes, the induced eddy currents have a uniform
amplitude with one-direction, whose polarity changes every half cycle of the period as
shown in Figure 2.4(c).

Based on the eddy current flow pattern in the test piece, the probe design is divided
into two types—one-direction UEC and rotating UEC. The one-direction UEC pattern is
produced by a tangential rectangular excitation coil or a magnetizer [18, 20]. Rotating
eddy currents can be generated by a combination of two excitation coils or two
magnetizers arranged crossed orthogonal to one another. Two excitation currents with a
phase difference of 90° are used. Further explanation of both types is in the following

section.

2.5. Self-Differential and Self-Nulling Characteristics

A probe using UEC phenomena generally has a unique property the output due to
the change of the local conditions of the test piece, such as lift-off, is cancelled. This is
called a self-differential characteristic. The property which makes a probe in balance so
that the output of a detector coil is zero in normal conditions is known as a self-nulling
characteristic.

When the UEC flows under the detector coil, in the part of the coil winding like an
arc and parallel to the direction of the eddy current flow arises the electromotive force
(EMF) & on both parts of the coil, &, and ¢,. Ideally, the amplitudes of them are the
same, but differ in polarity. Hence, they cancel each other out. In balance conditions the

EMFs is zero, due to the self-nulling property [20]. To understand this mechanism is
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illustrated in Figure 2.5, and next represented in the following equation.

Detector coil

&2

Eddy current

Figure 2.5 Illustration of self-differential and self-nulling properties.

We can assume that the electromotive force coil is the sum of the integration paths

of ab, bc, cd and da as in equation (2.20).

szf E.dl
c

b c d a
e=f E.dl+f E.dl+f E.dl+J E.dl (2.20)
a b c d

In Figure 2.6, the part of the integration path of the coil that tends to be parallel to
the direction of the eddy current is the bc and da integration paths. Therefore, these paths
have the potential to be induced by the generated magnetic field. On the other hand, the
ab and cd integration paths tend to be perpendicular to the direction of eddy currents, so

these integration paths cannot be induced. Next, the equation becomes (2.21).

¢ a
£=fE.dl+f E.dl (2.21)
b d )
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e =1l(Ep. — Ega) (2.22)
Assume,
& =1Ey.; & =1E4, (2.23)
then,
E=€&—& (2.24)

where ¢ is the EMFs of the detector coil, &; is the EMFs on the left integration path of

the coil, and ¢, is the EMFs on the right integration path of the coil.

Integration
path cd
8 ===\c|, &
—_—
Integration
path ab
VVVVY VYV VVY
Uniform
eddy current
] =0FE

Figure 2.6 Generating of the electromotive force on detector coil over UEC.

Furthermore, when there is lift-off variation, the eddy current will be changing,
affecting the EMFs on both sides through opposite magnetic fields [18, 21]. Even though
both the EMFs values change, the amplitude of both remains the same. Therefore, the
output of the coil remains at zero due to them cancelling each other. The ability to

eliminate the influence of lift-off is the critical advantage of the UEC probe technique.
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2.6. Apparatus of the UEC System

There are two types of UEC probe operational support systems, as previously
mentioned: apparatus for a one-direction UEC, and apparatus for a rotating UEC. For the
one-direction type, the system consists of a function generator, a power amplifier, a UEC
probe, a signal amplifier with filter, and a phase lock-in amplifier, as shown Figure 2.7(a).
The function generator is a source of excitation signals. The excitation current with a
power amplifier is arranged from an excitation coil and a magnetizer of the UEC probe.
Meanwhile, the detection signal generated by the detector coil is quite weak. In order to
obtain a measurement signal with a high signal to noise (S/N) ratio, the detection signal
is amplified and filtered by amplifiers and filter circuits. Finally, the voltage and phase
signals are measured to evaluate flaws using a phase lock-in amplifier device. For the
sensing process in all surface areas of the test piece, a robot device is required to precisely
arrange the displacement position of the probe.

The systems on the rotating UEC probe have the same devices as in the one-
direction UEC probe, such as a function generator, a pair of power amplifiers, an amplifier
with filter, and a probe with a combination of two excitation coils and a detector coil,
arranged as shown Figure 2.7(b). A phase shifter is used to create the 90° phase difference,
and two excitation currents supply excitation coil #1 and excitation coil #2, which induce

rotating eddy currents[3, 9].
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Figure 2.7 Apparatus of the UEC system. (a) One-direction UEC system. (b) Rotating
UEC system.
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2.7. UEC Probe Design Models
The following sections will briefly present various UEC probe models that have

developed from the one-direction UEC probes and the rotating UEC probes.

2.7.1. One-Direction UEC Probes
2.7.1.1. One-Direction Hoshi Probe

The One-Direction Hoshi (ODH) probe is the first UEC by Hoshikawa and Koyama.
The probe is included as separate coil probe with single frequency exciter. It consists of
a large size of rectangular excitation coil in tangential orientation, and a small circular
detector coil, in pancake orientation whose position is in the lower middle of the
excitation, as shown in Figure 2.8. The ODH probe is designed to be able to detect flaws
like cracks in the weld zone, or the rough surface test piece of nonmagnetic stainless steel
and the edge of the piece. Besides that, it was able to eliminate the effect of lift-off noise.
[22, 23]. The unique element proposed from the design of this probe is a detector coil that
has self-differential and self-nulling properties, so that it can eliminate the need for a

bridge for balancing.

Excitation coil

AL

s

T

Magnetic field

Figure 2.8 The structure of the One-Direction Hoshi probe.
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In the absence of flaws in the test piece, the detector coil with its self-differential
and self-nulling properties will keep the ¢ at zero, as shown in Figure 2.9(a). When there
is a flaw, eddy currents are in disorder due to the flaw and cause the opposite magnetic
field to become distorted. This situation is captured by the detector coil as an unbalanced
condition, where &; # &,. Therefore, € appears as a representation of the flaw, as shown

in Figure 2.9(b).
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Figure 2.9 EMFs conditions are balanced (a) and unbalanced (b) due to the presence of
a flaw.
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Figure 2.10 Interaction zone of the detector coils. (a) Interaction zone on the pancake
circular detector coil. (b) Interaction zone on the pancake rectangular detector
coil.

One critical factor for increasing sensitivity is to enlarge the interaction zone
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between the detector coil and the capture area of the opposing magnetic field [23-25]. The
study was carried out by Hoshikawa on the two forms of detector coils, namely circular
and rectangular detector coils, as shown in Figure 2.10. Both show good performance,
withstanding lift-off noise. However, the rectangular detector shows a larger detection
signal compared to a circular one, since a rectangular detector coil has larger interaction

zone than a circular detector coil.

2.7.1.2. Cross Probe

Another type of tangential probe design is the cross probe (CP). The idea of
developing this probe is to obtain a probe with better capability to S/N by reducing noise
[26, 27]. The probe is composed of a tangential excitation coil and a tangential detector

coil that are crossed to each other, as shown in Figure 2.11.

Detector coil

Excitation coil _

Figure 2.11 The structure of cross probe.

In the test piece condition without flaws, when the energy excitation coil induces a
uniform eddy current on the surface of the test piece, the direction of this current is
perpendicular to the detecting coil. Therefore, the EMFs does not appear in part of the

detecting coil, as shown in the Figure 2.12.
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Figure 2.12 The eddy current flows under a cross probe without a flaw.

Furthermore, when the test piece contains a flaw and then eddy current inducted
around the flaw, there is a part of the current to be distorted. This current becomes parallel
with the direction of the wire turn of the detection coil, as shown in figure 2.13(a). This
situation causes the opposing magnetic field arising from this eddy current generates an

electromotive force in the area of the coil above it. So, the detection signal appears.

o ) Detector coil Detector coil
Excitation coil re Excitation coil e
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______ —_...‘ = = = ?
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Figure 2.13 The eddy current flows under a cross probe, (a) with a flaw, (b) with a flaw
in the middle of the detector coil.

For detector coil, it has large size with tangential geometry. This position produces
minimal lift-off noise and can provide phase information as a representation of the flaw

depth. This ability makes eddy current testing more reliable for quantitative detection of
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deficiencies compared to conventional probes. When the existence of a transverse flaw is
right in the middle of the probe, this situation generates two EMFs that are opposite
polarity on the two sides of the detector coil and cancel out each other. The detection
signal becomes zero. It described in Figure 2.13(b). This pattern shows that the detecting
coil has self-differential and self-nulling characteristics. Although there is a variation
signal from lift-off probe that causes small changes in amplitude but does not affect the
direction of the eddy current circulation [26, 27].

Based on the research that has been done, shown the result that the flaw length
significantly influences signal amplitude. The lift-off probe also affects the signal
amplitude, but it has no significant effect on signal phase. This means the probe can be

used to predict the depth of the flaws that is trusted.

2.7.1.3. Plus-Probe

The plus probe (PP) is one type of tangential eddy current probe. The purpose
developed of the probe was to minimize lift-off noise and provides good phase signals as
a representation of flaws depth. The probe arranged from an excitation coil and a pair of
detector coils, and all the coils installed tangentially. detector coils position is orthogonal

against the excitation coil, as shown in Figure 2.14.

Excitation coil

Figure 2.14 The structure of the plus probe.
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The large detector coils make its interaction zone becomes larger and increases the
S/N ratio of detection signals. Furthermore, the detection signals more immune to the lift-
off effect [13, 28]. In principle, this probe is similar with a cross probe. The detecting
coils only detect the magnetic field of eddy current parallel to the coil wire coil. When
the test piece is flawless, the eddy current flowing perpendicular against the detection coil

does not generate an electromotive force, as shown in figure 2.15.

Detector Exciting
coil #1 —p» C(il
= ) sy ) ) Sy ) —
B T N W
Detector
coil #2 —p» UEC

Figure 2.15 The eddy current flows under a plus probe without a flaw.

Furthermore, when the test piece contains transverse flaws that hind the eddy
current flow, then there is a portion of the eddy current that turns and becomes parallel
with the wire of the detection coil, as shown in Figure 2.16 (a). This condition causes the
opposing magnetic field to arise and induces a part of the detection coil so that the
electromotive force is generated and appears the detection signal.

However, the transverse flaw that its position is right in the middle under of the
probe produces EMFs that cancel out each other. Therefore, the detection signal becomes
zero, as illustrated in Figure 2.16(b). Detection conditions like this indicate that the probe

has the characteristics of self-differential and self-nulling.



27

Detector Exciting T
coil #1 —p» coil ij'tector i i Exciting
coll #1 = 1111l coil
' g
e o S S A s e
e g —— — - ) - R~ — = === === ===
e
Detector Detector ¥
coil #2 —» i N
coil #2 RS
NG
(a) (b)

Figure 2.16 The eddy current flows under a plus probe, (a) with a flaw, (b) with a flaw in
the middle under of the detector coil.

Hoshikawa gave a satisfying experimental result in which the PP probe provided a
larger flaw signal magnitude, the signal to noise ratio being considerably more significant
than that of a conventional probe. The exciting is the change in the depth of flaw that
increases on the surface of the test material, significantly followed by also the increasing
phase signal changes. Changes in the length of a flaw, with the same depth, did not cause
a significant change of phase signal. Accordingly, the probe plus is promising to develop

for the quantitative in evaluating flaws.

2.7.1.4. UEC Probe with a Giant-Magnetoresistance Detector

Basically, the excitation coil of a UEC probe with a giant-magnetoresistance
(GMR) detector is the same as the Hoshi probe. However, the detection coil uses GMR
components. as shown in Figure 2.17. GMR is set so that it will detect flaws whose length
is parallel to the direction of eddy currents.

The GMR can work on low excitation frequency, under 1 kHz. Therefore, this probe
has a deep skin effect, and this is its advantage. This probe is allowed to detect subsurface

flaws [9,29,30,31]. In addition, a GMR with high sensitivity makes it effective for
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detecting flaws like cracks on aluminum test piece [32].

Excitation coil

GMR detector

Figure 2.17 The structure of a tangential rectangle UEC probe with a GMR detector.

2.7.1.5. U-Shape ACFM Probe

The ACFM was developed by a researcher of the University College of London for
detecting cracks in underwater environments [7]. The configuration of the ACFM probe
is shown in Figure 2.18. It has a magnetizer and a combination of a tangential rectangular
detector coil to measure the magnetic flux density in the x direction (Bx), and a pancake
rectangular detector coil to measure the magnetic flux density in the z direction (Bz) with
a cubic ferrite core. The flow of the induced UEC due to the probe is perpendicular to the
flow of the magnetic field on the surface of the test piece.

The detector coils simultaneously measure Bx and Bz at the same position. When
there are no flaws in the surface of the test piece, the signals measured with the coils have
a constant value. However, if there is a flaw, the Bx signal shows two peaks due to a high
intensity of UEC at the edges of the flaw. Meanwhile, the Bz signal indicates a sunken
area that demonstrates the depth of the flaw [18].

The probe can detect flaws like cracks even from through the protective paint and
the coating on the surface of the test piece of steel. Since the operators are not required to

carry out surface cleaning, it reduces the inspection time. The ACFM probe can also be
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applied to a test piece with a high temperature [5,6,14].

Pancake rectangular

detector coil (B;) Cube core

Magnetizer

( L Tangential rectangular
ﬁ /‘ detector coil (By)
U-shape core
Detector coil e (b)
)

Figure 2.18 The structure of the one-direction ACFM probe, (a) One-direction ACFM

probe. (b) Detector coil is a combination of tangential rectangular detector
coil Bx and pancake rectangular detector coil Bz.

2.7.1.6. One directional Planar Probe

Planar coils are new in the design of probes, and have advantages such not creating

heat, low leakage inductance, flexible substrate material, and being cheap in terms of

production compared to other conventional applications. They also present increased

immunity to the lift-off effect, and enhanced sensitivity [33-35].

Driver tracer

Planar sensing coil

Figure 2.19 Structure of the one-drive planar probe.
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The planar probe consists of an excitation coil, which is termed the driver trace, in
the form of a tangential rectangle excitation coil and a pair of semicircular planar spirals
as pancake detector coils, as shown in Figure 2.19. This detector coils have differential
outputs with two symmetrical sensing coils. A planar probe produces a kind of spiral path
on substrate material, with photolithographic processing.

Based on the configuration, the planar probes, when there is no flaw, show
symmetric EMFs in both detector coils that differ in polarity and cancel each other out.
The EMFs planar detector is zero. It is also self-nulling. When there are flaws, the detector
becomes unbalanced. Therefore, the EMFs appears as a flaw representation that will
increase with the increasing length of the flaw. The probe can reduce the influence of the
lift-off effect and have high sensitivity, as well as an increase in the the S/N ratio, as
reported in other research [36-38]. The probe can be used on a test piece surface that has
an angle or is uneven [39]. The operation of the probe is designed to detect flaws like
cracks of around 50 pm to 500 um on the surface of the aluminum test piece of friction

stir welding (FSW) joints [40].

2.7.1.7. Theta Probe

Theta probe designed having high detection capabilities, good phase signals and
reduce the appearance of lift-off noise. The probe consists of a pancake circular excitation
coil and a tangential rectangular detector coil. It has stronger induction and no lift off
noise, as reported in other research [41] and as shown in Figure 2.20. It is different from
the general configuration of a UEC excitation probe, however, the probe has similar
properties to a tangential rectangular coil, which is the same shape as a detector coil. In
the configuration, the detector coil only responds to the magnetic field due to flaws like

cracks, and it resists lift-off variation, resulting in a high S/N ratio.
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Excitation coil Detegtor coil

Figure 2.20 The structure of the theta probe.

Eddy current Exciting coil Flaw

\

Exciting coil

p

Detector coil Eddy current  Detector coil

(a) (b)

Flaw Exciting coil Exciting coil ~ Detector coil

Eddy current Detector coil Eddy current Flaw

(©) (d)

Figure 2.21 Eddy current circulation under theta probe, (a) no flaw, (b) with a flaw (plus
signal), (¢) with a flaw (no signal), (d) with a flaw (minus signal).

Pancake orientation is adopted to get strong induction. Under normal conditions,
the eddy current makes circulation on the surface of the test piece rotates following the

excitation coil shape. This pattern happens if there is no flaw, as shown in Figure 2.21 (a).
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Furthermore, if the surface of the piece contains a flaw that transverse in the
diameter of the excitation coil, the eddy current circulation will split in half to form a
half-circle as shown in Figure 2.21(b)-(d).

The detector coil will generate a detection signal when its position beside the flaw,
as in Figure 2.21(b) and (d). However, if the detector is right in the middle of the flaw,
like as Figure 2.21(c), no detection signal resulted. This condition occurs, because the
EMFs generated on the detector coil are opposite, and hence eliminates each other. The
detector coil balances with the self-nulling nature [42]. Because of the probe generates
minimal lift-off noise, then it does not influence much to the flaw signal. The phase signal
able to be used for evaluating the depth of surface flaws. Theta probe able to uses as a

quantitative measurement.

2.7.2. Rotating UEC Probe
2.7.2.1. Hoshi Probe with rotating UEC

The Hoshi Probe with rotating UEC (HPRUEC) was one of the first draft UEC
investigations with its features; self-nulling, self-differential, free-off noise, and able to
generates detection signals from flaws with different directional positions. The
configuration of a HPRUEC consists of a pair of tangential rectangular excitation coils
arranged orthogonal to each other and shaped like a cube, and a small pancake circular
detector coil positioned at the center bottom of the excitation coil [43], as shown in Figure
2.22.

The rotating UEC is the resultant UEC (RUEC) of the UECs generated by excitation
coil one and excitation coil 2 with two excitation currents which have 90° phase
difference, as shown in Figure 2.23. UEC, and UEC; are UECs which are generated by

excitation coil #1 and excitation coil #2, respectively.
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Excitation coil 1

tion coil 2

Detector coil

Figure 2.22 Structure of the HPRUEC.
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current
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current

Figure 2.23 Two excitation currents which have 90° phase difference.

Both of UECs shown in the equation (2.25) and (2.26). Where T is the period of the

excitation current and A4 is the amplitude of the UECs.

UEC, = Asin (47t/) (2.25)
UEC, = Asin (4™/;) + 7/, (2.26)
RUEC = /(UEC,)? + (UEC,)? (2.27)

The two excitation coils are orthogonally installed. Therefore, it is assumed that
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UEC generated from excitation coil #1 flows to x direction, and UEC> generated from

excitation coil #2 flows to y direction, as shown in Figure 2.24.
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Figure 2.24 The resultant of the rotating UEC is formed by UEC: and UEC:.

When two excitation currents are flowing in one period, RUEC is rotated in all directions
with constant amplitude, following equation (2.27) [44]. Hence, the UEC distribution
moves in rotating, as shown in Figure 2.25 [14, 17].

The generation principles of the EMFs of pancake circular detector coils with flaws
and without flaws are the same as that of a one-direction UEC probe. The rotating UEC

probe can detect flaws in all directions on surface of test piece of steel.

W= =4

Figure 2.25 Movement of rotating UEC.

Besides, since the rotating UEC allows the flow of eddy currents always in a
position perpendicular to the length of the flaw, then the EMFs will appear optimally. This

high sensitivity is one of the main advantages of the probe. However, because to detect a
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location point requires a cycle time for rotation, the scanning time of the probe with

rotating UEC slower than the one-directional butterfly probe.

2.7.2.2. ACFM Probe with Rotating Eddy Current

The configuration of the ACFM Probe with Rotating Eddy Current (ACFMREC) is
two magnetizers which are arranged orthogonally to each other, as shown in Figure 2.26,
and a combination of two detector coils for B, and B,, which are the same as the
detectors of a one-direction ACFM probe. The two excitation currents for each coil have
the same amplitude and a single frequency but different in phases 90°. The generation of
the rotating UEC of ACFMREC is same as that of a rotating UEC probe.

The detection principle of flaws with detector coils is the same with that of a one-
direction ACFM probe. The advantages and disadvantages are the same as those of the
rotating UEC [7,43]. The development of the ACFMREC is focused on the use of defect

detection for steel in underwater environments [5,65].

U shape yoke

Magnetizers
Pancake rectangular

detector coil for Bz Cube core

Tangential rectangular
detector coil for By

Detector coil

(a) (b)

Figure 2.26 Structure of the ACFM probe with rotating UEC, (a) Magnetizer of ACFM
probe, (b) Detector coil of ACFM is a combination of tangential rectangular
coil for B, and pancake rectangular coil for B,.
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2.7.2.3. Dual Driver Planar Probe

The disadvantage of the one directional planar probe is its incapability to detect
flaws when the probe moves perpendicular towards the excitation coil or drive tracer, as
reported in other research [40,45]. For this reason, a dual driver planar probe or Ionic+
Probe was developed. In the configuration, there are four parts of the drive tracer which
ware made like rectangular excitation coil under tangential position, as shown in Figure
2.27. The four driver tracers (DT) are grouped into two parts, namely the DT horizontal
and DT vertical. Each group is connected in series and supplied separately, so that each
can set different excitation current amplitudes and phases. The detector coils are separated
into four sections, which occupy four positions of the quadrant. All of the coils are
pancake oriented. The four parts are connected in series into one unit with the connection
of terminal pairs 2—3, 4-5, and 6—7. The output from the connection of terminal pairs 1—
8 is differential, which is the total output of the detector coils. This new probe is also

known as the Ionic + probe.

Driver tracers Driver tracers

Sensing coils Sensing coils
(a) Side view (b) Top view
Figure 2.27 Structure of Dual Driver Planar Probe, (a) Side view, (b) Top view.

The probe can detect flaws like cracks in all directions on test piece of aluminum.

In addition, the proper flow of the UEC against a flaw is generated by the setting of the
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excitation current amplitude and phase for each excitation coil, enhancing the sensitivity

of flaw detection [36,46].

2.8. Summary

Studies on the Uniform Eddy Current Configuration Probe (UEC) configuration
provide an understanding of the characteristics that emerge from the design of the probe
model. There are two factors that indicate the effect in increasing the sensitivity of a UEC
probe design.

1. The first factor is the configuration of the excitation coil and the detection coil. UEC
probe configurations must be developed so that the excitation coil and detection coil
produce higher induction current densities and cause an increase in electromotive
force in response to flaws.

2. The second factor is the shape and orientation of the detector coil. The self-differential
and self-nulling natures of the detector coil should be considered. That is, the shape
and orientation of the detector coils should be determined, whether in the shape of a

single coil or it is built from two or several coils.

Hereafter, in Table 2.1 and Table 2.2 are summarize of the models of UEC probes

that have presented.

Table 2.1 Summary of the comparison of the models of one-direction UEC probes.

Models and

Configurations

Characteristic

UEC probe (Hoshi probe) | «  The probe has self-differential and self-nulling
properties and is immune to the lift-off.
Excitation; *  The probe can detect the flaw on the weld zone
One tangential surface and edge of the test piece and can provide

rectangular coil. phase signal as information of flaw depth.




Detector;

One pancake circular coil

The probe relatively has a weak induction and a
small detection signal.

The probe can't detect the direction of flaw length
that is parallel to the direction of UEC flow.

Cross probe

Excitation;
One tangential
rectangular coil
Detector;

One tangential

rectangular coil

The probe has self-differential and self-nulling
properties and is immune to the lift-off.

The probe can detect the flaw on the weld zone
surface and can provide phase signal as
information of flaw depth.

The probe relatively has a weak induction and a
moderate detection signal.

The probe can't detect the direction of flaw length
that is parallel to the direction of UEC flow.

The plus- probe

Excitation;
One tangential
rectangular coil
Detector;

Two tangential

rectangular coils

The probe has self-differential and self-nulling
properties and is immune to the lift-off.

The probe can detect flaw on the weld zone
surface and can provide phase signal as
information of flaw depth.

The probe relatively has a weak induction, and a

moderate detection signal.

The probe can't detect the direction of flaw length
that is parallel to the direction of UEC flow.

The probe can't detect a short flaw that is less than
the distance between the two detector coils, and

the position right under the excitation coil.

UEC probe with a GMR

detector

Excitation;
One tangential
rectangular coil
Detector;

One GMR component

The probe can detect the flaw on the weld zone
surface and provides information of flaw depth.
GMR is high accurate.

The probe can work at low frequencies below 1
kHz so that, it can detect flaws deeper into the test

piece.

The probe doesn’t have self-differential and self-
nulling properties and is not immune to the lift-off.

U-shape ACFM probe

Excitation;

One magnetizer

The probe relatively has strong induction and is
immune to the lift-off.

The probe can detect the flaw through coating and
the flaw on the weld zone surface.
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Detector;

One Combination of a
tangential rectangular
coil and a pancake

rectangular coil

The probe can provide information on the size and
depth of flaw only from amplitude signal

containing Bx and Bz components.

The probe can't detect the direction of flaw length
that is parallel to the direction of UEC flow.

IOnic probe

Excitation;
One tangential
rectangular coil
Detector;

Two pancake

semicircular planar coils

The probe has self-differential and self-nulling
properties and is immune to the lift-off.

The probe has high sensitivity, and can detect the
micro size flaw on the FSW zone surface
The probe can provide information of flaw depth

Probe production requires high precision in
making symmetrical planar spiral detectors that

must be precisely similar between the two sides.

Theta probe

Excitation;

One pancake circular coil
Detector;

One tangential

rectangular coil

The probe relatively has strong induction and is
immune to the lift-off.

The probe can detect the flaw on the weld zone
surface and can provide phase signal as
information of flaw depth.

The probe can’t detect short flaw that is shorter

than the diameter of the excitation coil.

The probe can't detect the direction of flaw length
that is parallel to the direction of UEC flow.

Table 2.2 Summary of the comparison of the models of probe with rotating UEC.

Models and

Characteristic
Configurations
Rotating UEC Hoshi The probe has self-differential and self-nulling
probe properties and is immune to the lift-off.
The probe can detect flaw in all orientation on the
Excitation; weld zone surface and edge of the test piece.

Two tangential
rectangular coils
Detector;

One pancake circular coil

The probe can provide phase signal as
information of flaw depth.

The probe relatively has a weak induction and a
small detection signal.
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Rotating ACFM probe

Excitation;

Two magnetizers
Detector;

One combination of a

tangential rectangular

coil pancake rectangular

coil and a

The probe relatively provides strong induction and
is immune to the lift-off.

The probe can detect flaw through coating, and
detect flaw in all direction on the welding zone
surface

The probe can provide information on the size and
depth of flaw only from amplitude signal
containing Bx and Bz components.

The probe is not recommended for small test
objects.

Rotating dual driver
planar probe or lonic+

probe

Excitation;

Four tangential
rectangular coils
Detector;

Four pancake quarter

circular planar coils

The probe has self-differential and self-nulling
properties and is immune to the lift-off.

The probe has high sensitivity and can detect the

micro size flaw in all direction on the FSW zone

surface.

The probe can provide information of flaw depth.

The control of driver tracer currents and phase can
maximize the detectability of flaw without the

changes of the probe position.
Probe production requires high precision in
making symmetrical planar spiral detectors that

must be precisely similar between four sides.
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Chapter 3
3. One Directional UEC Probe with A
Pair Pancake Excitation Coil

3.1. Introduction

Based on their configurations, eddy current probes are generally classified into
two types. First is the combined transmit-receive probe equipped with a single coil that
functions as an excitation coil and a detection coil. The concept of this single coil is based
on the principle that a change in impedance occurs when discontinuities disrupt the eddy
current distribution in the test piece [12,47,48]. Another type of eddy current probe is the
separate transmit-receive (STR) probe that has two distinct coils, one for excitation and
another for detection. A unique model of the STR probe is the UEC probe. This probe has
been developed to immune for the lift-off noise generated by the uneven surface of test
materials, such as found in weld zones [23-49].

The nature of the UEC probe results from the self-differential properties possessed
by its detector coil. The electromotive forces (EMS) generated on opposite parts of a
detection coil are the same but have opposite polarities; accordingly, they cancel out each
other. As a result, the output voltage, Vo of the coil is zero; this nature is called self-nulling

[23,25,43,50]. Because the UEC probe reduces the effect of lift-off on the measurement
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signal, the signal can be regarded as a reliable sizing information of the flaw [51,52].
However, because the excitation coil of the UEC probe is tangentially oriented, its signal
is relatively small. In this configuration, not all parts of the detection coil contribute to
induce the signal; only parts that are close and parallel to the test piece are actively
involved in this regard. To overcome relatively small signals, several trials using
excitation currents with high frequencies and amplifier circuits have been conducted
[22,43,53,54].

In the present study, a new demand for eddy current testing is the ability of
portable instruments that can detect flaws that are getting smaller and buried with a lower
amplitude of excitation currents. Thus, the operational time of the probe can be longer. A
probe with double excitation coils was used with a giant magnetoresistance sensor [20].
The configuration and shape of excitation and detection coils are designed to enhance the
S/N ratio and power supply efficiency during measurement [21,22].

The proposed UEC probe consists of a pair of rectangular excitation coils and a
circular detection coil; all coils are in a pancake orientation. The authors named the device
as ‘butterfly probe’. The flaw detection principle involved in the butterfly probe is
analysed with a finite element simulation. Its ability to detect flaws on the aluminium

plate surface is discussed based on experimental results.

3.2 Material and Methods
3.2.1. Coils Structure of Butterfly Probe

To improve the detection capability of an eddy current probe, an essential factor
is increasing the intensity of eddy currents generated by the probe. Accordingly, the
butterfly probe has a pair of excitation coils with the same dimensions but wound in

opposite directions; specifications are as shown in Figure 3.1. Each excitation coil
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generates an eddy current that is opposite in circulation to the coil’s winding direction. A

circular detection coil is installed at the bottom and centre of the coils.

Excitation coil

(2)

Excitation coil

y X " ST
Detection coil LJL)L_,L_S 8, ST Plastic

(b)

Figure 3.1 Structure of butterfly probe (unit in mm); the number of turns in each
excitation coil is 1000: (a) Top view; (b) Section view of A-A’.

On the area with a blue dotted line shown in Figure 3.2, the eddy currents of the
two coils merge and form UEC s with an intensity that is practically twice that of the eddy
current from one coil.

There are two conditions of the butterfly probe; balanced and unbalanced
conditions. These conditions are determined by the response of the interaction zone of the

detection coil against the UEC, as shown by the red dotted line in Figure 3.2.
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Eddy currents lines
f--->---‘\a---<---‘h
Detection coil

UEC lines

Eddy currents lines

Detection coil

(b)
Figure 3.2 Butterfly probe under balanced condition: (a) without flaw, (b) with flaw.

(2)

Under the balanced condition, EMFs &1 and & of the detection coil are of the same

amplitude, but opposite in polarities; as a result, they cancel out each other. Consequently,

the detection coil output is zero; a nature called self-nulling. as shown in Figure 3.2(a).

Eddy currents lines

Eddy currents lines

Detection coil

Detection coil

(b)

(2)

under the detection coil; (b) the flaw is located a short distance away from

Figure 3.3 Butterfly probe under unbalanced condition: (a) the edge of a flaw is located
the detection coil.

The output is also zero when the probe is positioned in the middle of a flaw, as shown in
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Figure 3.2(b); this is because the eddy currents have the same disturbance at two sides of
the detection coil.

The unbalanced condition, as shown in Figure 3.3, is divided into two models.
The first model, the edge of a flaw is located under the detection coil is shown in Figure
3.3(a). A Flaw causes disturbance UEC flowing. It causes the detection coil to appear to
have unequal amplitudes and generates the voltage output.

The second model is a flaw located near to the detection coil and disrupts the
circulation of UEC, as shown in Figure 3.3(b). The flaw causes €1 and & of the detection
coil to have unequal amplitudes; this also results in generating output. As mentioned
above, the middle of the probe is the most sensitive area for detecting flaws.

To achieve the best accuracy, the important factor for the butterfly probe is that
the specifications of the two excitation coils should be the same. Moreover, the detection

coil must be installed in such a position where self-nulling occurs.

3.2.2. Numerical calculations

To observe the distribution of eddy currents in the test pieces using the
conventional UEC and butterfly probes, a time-harmonic analysis is implemented by
employing a finite element analysis with Magnet 7 version 7.4.1 from Mentor Graphics
Corporation located in Wilsonville, Oregon USA, which used the current vector potential
(7)), the magnetic scalar potential (£2) method was used. In conducting medium, the basic
equations of the method are expressed by using Faraday’s law, Ampere’s law and

constitutive relation:

vxE=-8 3.1)
ot

B=uH (3.2)
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a -1
E:(JHEJ -J (31)
J=VxH 3.4
,]:c7E+<9%—l;7 (3.5

where the various quantities involved are defined as,
E: Electric field intensity (V/m)
H: Magnetic field intensity (A/m)
B: Magnetic flux density (T)
J: Current density (A/m?)
t: Time (s)
& Material permittivity (F/m)

o: Material conductivity (S/m)

A: Magnetic permeability (H/m)

We then have the following equation by using Equations (5) to (8):

oY oH
V x +e— | ‘VxH|+u—-=90 3.6
HG 8t] } ar” (36)

The software is used together with Equations (3.5) and (3.6).

The element of the mesh was modeled as a linear superposition of polynomial
basis function for high accuracy. The total number of meshes was 947,420. The analysis
was carried out with the meshes of the butterfly probe and the area under the probe as
small a size as possible within the performance of a personal computer.

Figure 3.4 shows the analytical model set up of the butterfly probe. The size and

configuration of the rotating UEC probe were the same as those shown in Figures 3.1 and
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3.5. In the analytical model, an aluminum plate test piece was modeled with dimensions

of 120 mm in width, 120 mm in length, and 10 mm in thickness.

Excitation coil

Test piece
Detector coil

Figure 3.4 The analytical model set up of the butterfly probe.

Excitation coil

Excitation coil

1 _2) 20 2
O
.................... O
Q
i >
, ol I
, o8l 88N\
yl—’x Plastic
Detection coil Detection coil
(@) (b)

Figure 3.5 Coil structure of conventional UEC probe (unit in mm). The number of turns
of an excitation coil is 2000. (a) Bottom view (b) Section view of A-A’.
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The electromagnetic parameters used in the analysis are listed in Table 3.1. The

excitation frequency and current for both probes are10 kHz and 6 mA, respectively.

Table 3.1 Electromagnetic parameters used in butterfly probe analysis.

Parameters Aluminium test Copper wire of
piece coil
Electrical conductivity, o 35 MS/m 57.7 MS/m
Relative permeability, u 1 1

The analytical results are shown in Figure 3.6. In Figure 3.6(a), the amplitudes of
the eddy currents of J1 and J> generated by each excitation coil of the butterfly probe are
practically the same. Moreover, the induction, Jiotl, which is a UEC produced by both
coils, is twice larger than J; (or J2). Meanwhile, the analytical results of conventional UEC
probes as shown in Figure 3.6 (b), the eddy current J. is smaller, even though the number

of turns is equal to the number of coil excitation windings on the butterfly probe.

Arrow Plot
J

g
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Field line

(b)
Figure 3.6 Arrow plot of eddy current distribution on the surface of aluminium test piece
using (a) Butterfly probe; (b) Conventional UEC probe.

—~ 35
o~
E 30 Flaw detection area of
conventional UEC probe
<25 |
E 20 Flaw detection [area
s of Butterfly probe
e 15
£
7]
s 10
< s
=2 —
0 1

-80 -60 -40 -20 0 20 40 60 80
Distance of x from the center of test piece (mm)

=== Conventional UEC probe — Butterfly probe

Figure 3.7 Eddy current density in the x-direction on the surface of the aluminium test
piece using Butterfly and Conventional UEC probes.

For this reason, only the bottom surface part of the excitation coil of the conventional

UEC probe mainly contributes to inducing the eddy currents. Figure 3.7 is the density of
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eddy currents are measured along red line x shown in Figure 3.6.

The eddy current density that is generated using the conventional UEC probe
indicates only one amplitude peak. Meanwhile, the eddy current density generated using
the butterfly probe indicates three peaks. The highest peak density is in the middle of the
probe axis, where the peak produced by the butterfly probe is approximately 1.8 times
higher than the peak produced from a conventional UEC probe. Besides, the width of the
eddy current density is broader than the density produced by conventional UEC probes.
Therefore, the detection area of the butterfly probe is three times wider than conventional

UEC probes.

3.3. [Experimental Setup
Aluminium plate 5052 used as the test plate; on its surface, there were four

artificial flaws whose sizes listed in Table 3.3; their positions are shown in Figure 3.8.
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Figure 3.8 Aluminium test piece dimension for experiment (unit in mm).
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Figure 3.9 Experimental set-up for Butterfly probe testing.

The experimental setup is shown in Figure 3.9. The specifications of the coils
summarised in Table 3.2. The excitation signal was the sine wave with frequency 10-kHz
that generated by a function generator (WAVETEK). Furthermore, the signal was
amplified to 6 mA with a high-speed bipolar amplifier (NF HAS 4012).

In experiments, excitation for butterfly probes and conventional UEC probes was
conditioned the same at an excitation current of 6 mA. Next, the voltage of the excitation

related to power consumption observed.

3.3.1. Specification of Coils and Test piece

Specification of Butterfly probe coils are shown in Table 3.2. Furthermore, the
specification of the test piece with artificial flaw is given in Table 3.3. The signal from
the detection coil is processed with a two-phase lock-in amplifier (NF 5601B) and stored
in a digital oscilloscope (Graphtec GL7000) with a 4-Hz data sampling capacity. To move

the butterfly probe over the scanning surface of the test piece, a computer-controlled
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positioning robot module is used; the robot speed is 10 mm/s. The scanning interval is 2.5

mm in the x-direction and 2.5 mm in the y-direction. The clearance between the probe

and aluminium plate surface is approximately 2 mm.

Table 3.2 Specifications of coils of Butterfly probe.

Component Specification
Wire diameter 0.2 mm
_ Turns 2x1000
A pair- ;
o ) Resistance 240 Q
Excitation coil
Inductance 87.8 mH
Butterfly Impedance  5.51 kQ
probe Wire diameter 0.2 mm
Turns 330
Detection coil Resistance 16.2 Q)
Inductance 1.42 mH
Impedance 91.0Q
Table 3.3 Size of flaws on test piece surface.
. Length
Symbol of Flaw Width (mm) (mm) Depth (mm)
20-2 2
20-4 0.5 20 4
40-2 ) 40 2
20-4 4

3.3.2. Scanning Direction for Butterfly Probe

The butterfly probe has two scanning directions,

as shown in Figure 3.10.

Scanning #1 is perpendicular to the sensitive axis of the excitation coil; scanning #2 is

parallel to the sensitive axis of this coil.
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Figure 3.10 The Scanning directions of butterfly probe: (a) Scanning #1; (b)

Scanning #2.

The focus of observation from this scan direction is the axis position of the probe
excitation coil to the length of the flaw, whether its position is perpendicular or parallel,

which consequently results in the detection signal.

3.4. Results and discussion

The scanning area and paths on the test piece shows in Figure 3.10. In scanning
#1, the butterfly probe moves in the x-direction and shifts in the y-direction, then repeated
until the scanning covers all the flaws. Following, scanning #2 is the opposite of scanning

#1. The probe moves in the y direction and shifts in the x direction.

Test piece Test piece
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e
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Figure 3.11 Scanning areas and paths on test piece: (a) scanning direction in the x-y area;
the probe axis is perpendicular to the length of flaws, (b) scanning direction
in the x-y area; the probe axis is parallel to the length of flaws test piece
rotates 90°, (¢) scanning #2 for conventional UEC probe. (d) scanning paths
direction.

In path scanning, measuring only one line follows the direction of each path.

3.4.1. Measurement results on scanning #1 and scanning #2
3.4.1.1. Testing using the Butterfly probe
The probe axis is perpendicular to the length of flaws

The results of butterfly probe testing with scans # 1 and # 2, as shown in Figure
3.11(a) are shown in Figures 3.12 and 3.13, respectively. In both, flaws detected clearly,
and the measurement signal has a pair of peaks for each flaw. The distance between the
two peaks represents the length of a flaw. The amplitude of the peak represents the depth
of a flaw. When the probe passes through the middle of the defect length, the detector coil
did not produce a significant signal because the EMFs on the sides of the detector is in a
balanced condition.

To supply an excitation current of 6 mA, a voltage source is given at 6.5 Vpp. This



means that the probe is supplied with a power of approximately 14 mW.
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Figure 3.12 Measurement results of butterfly probe with scanning #1 in x-y area; The

probe axis is perpendicular to the length of flaws. V;=6.5 Vpp and [;=6 mA.
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Figure 3.13

Both results were relatively similar, where the flaw with the same depth has a

similar amplitude, although the flaw length differs, 20 mm and 40 mm.

Measurement results of butterfly probe with scanning #2 in x-y area; The
probe axis is perpendicular to the length of flaws. V;=6.5 Vpp and [;=6 mA.
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The probe axis is perpendicular to the length of flaws

The results of butterfly probe testing with scans # 1 and # 2, as shown in Figure
3.11(b) are shown in Figures 3.14 and 3.15, respectively. In both cases, flaws could not
be detected at all on the entire surface. This situation occurs because the eddy current
parallel to the length of the flaw does not cause significant distortion on eddy current
flowing, so it does not affect the balanced coil condition of the detector, and hence no

EMFs appears.
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Figure 3.14 Measurement results of butterfly probe with scanning #1 in x-y area; Axis
of probe parallel to the length of flaws. V;=6.5 Vpp and [;=6 mA.

From these results, for the implementation testing on the test piece, scanning must

be done twice in a different direction 90° from the axis of the probe to ensure that the

surface is clean of flaws.
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Figure 3.15 Measurement results of butterfly probe with scanning #2 in x-y area; Axis
of probe parallel to the length of flaws. V;=6.5 Vpp and [;=6 mA.

3.4.1.2 Testing using the Conventional UEC probe

The result of conventional UEC probe testing with scanning # 2, as shown in
Figure 3.11(c), is shown in Figure 3.16. The measurement result has similarities to the
Butterfly probe with scanning #2 Figure 3.13. The amplitude peak and the distance
between peaks are relatively similar. However, to supply 6 mA excitation current to the
excitation coil, the source should be set at 20 Vpp or supplied with 42 mW of power.
Accordingly, the Butterfly probe, which only requires 14 mW of power for generating the
same excitation currents, has an advantage more efficient of approximately 66% for

exciter power consumption.



58

m(-5 m5-10 = 10-15

40-4

20-4

15

10

Vo (mV)

88 108 128

148 168 188 40

208 o8

X (mm)

Figure 3.16 Measurement results of conventional UEC probe with scanning #2 in x-y

area; The probe axis is perpendicular to the length of flaws. V;=20 Vpp and

I;=6 mA.
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Figure 3.17 Measurement results of conventional UEC probe with scanning #2 in x-y
area; The probe axis is perpendicular to the length of flaws. V;=9.5 Vpp and
I i:4'2 mA.
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When the excitation supply is made equal to around 14 mW, with an input voltage
0f 9.48 Vpp and an excitation current of 4.2 mA, the results obtained, as shown in Figure
6.17. The detection signal peaks are smaller by almost half of measurements with the
butterfly probe.

In theory, efficiency occurs, can be explained by referring to the equivalent circuit
of coil interactions to test pieces in Figure 2.3. Equation (2.12) determines the eddy

current density I,. We rewrite,

;o JoMil (2.12)
© Ro+jXpm+ jwl,

Where M, = kL, so the equation becomes,

® R,+jXy,+jwl,

L is a coil with pancake position, where all the coil surface is close to the surface of the
test piece, and both interact with each other. In the tangential position, only a portion of

the coil near the surface that is interacting. In this position, L, becomes smaller, we
Lo
assume to be / x therefore,

kL (3.8)

Then the equation becomes,

jo (kLo /x) ; (3.9)
R, + jX; + joL,

lor =

It 1s eddy current density under tangential position. Hereafter, the equation is simplified

to be,

L=
T xR, + jXpm + jwlq)

Equation (3.10) shows that the eddy current I, in the tangential position becomes

smaller due to the ratio of 1/ x of the coil surface that can interact with the surface of
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the test piece.

3.4.2. Measurement results along paths #1 and #2 with scanning #1
Scanning using the Butterfly probe

Butterfly probe moves along paths #1 and #2, as shown in Figure 3.11(d).
Scanning #1 results are shown in Figure 3.18 as a quantitative measurement of flaws. The
peak voltages for 40-4 and 20-4 flaws are approximately 12 mV and for 40-2 and 20-2
flaws approximately 6 mV.

The length of the flaw is given by the distance between the two signal peaks,
whereas the signal amplitude indicates the flaw depth. Hence, flaws with the same lengths,
such as 40-4 and 40-2, or 20-4 and 20-2, the distance between two peaks of measured

signals correspond to flaw length.

Peaks of 40-4 Peaks of 20-4

—Path#1 —Path#2

Figure 3.18 Measurement results of butterfly probe along paths #1 and #2.
Excitation Supply is 14 mW; V;=6.5 Vpp and [;=6 mA.

The peaks of the signal for 40-4 are twice that of the signal for 40-2. Because the
tendencies of the signals for 20-4 and 20-2 are same, the flaw depth can be quantitatively

evaluated based on the amplitude of measured signals.
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Scanning using the conventional UEC probe

To energize the conventional UEC probe, at a current supply maintained 6 mA,
the supply voltage set to 20 Vpp, supplied with 42 mW of power. The scanning results in
paths # 1 and # 2 are shown in Figure 3.19. The peak voltages for the 40-4 and 20-4 flaws
is approximately 12 mV and for the 40-2 and 20-2 flaws is approximately 6 mV. These

results show relatively the same as the scan performed with the Butterfly probe.

Peaks of 40-4

Peaks of 20-4
15 l\

) ' 125 U
50 90 130 170 210 239250
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—Path #1 —Path #2

Figure 3.19 Measurement results of conventional UEC probe along paths #1 and #2.
Excitation Supply is 42 mW; V=20 Vpp and [;=6 mA.
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Figure 3.20 Measurement results of conventional UEC probe along paths #1 and #2.
Excitation Supply is 14 mW; V;=9.5 Vpp and [;=4.2 mA.
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However, when energizes for conventional UEC probes were made equal at
around 14 mW, where the supply voltage was 9.5 Vpp, and the excitation current was 4.2
mA, the scanning results at paths # 1 and # 2 are shown in Figure 3.30. The peak voltage
for the 40-4 and 20-4 flaws is smaller, approximately 7 mV, and for the 40-2 and 20-2
flaws approximately 3.5 mV. These results indicate that the peak of the signal is relatively
smaller by almost half of the detection signal produced by the Butterfly probe. In other
words, the detection signal of the butterfly probe is 1.7 times greater than the conventional

UEC probe signal.

3.4.3. Measurement results along paths #3 until #8 with scanning #2

To observe the butterfly probe has self-differential and self-nulling characteristics,
the probe moved along paths # 3— # 8 with scan # 2; the results are shown in Figure 3.18.
When scanning in lines # 4 and # 7, no significant signal appears. This condition occurs
because the detector coil is in a balanced condition and shows the characteristics of self-

nulling and self-differential working, as shown in Figure 3.2 (b).
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Figure 3.21 Measurement results of butterfly probe along paths #3 until #6.
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Furthermore, the signals along paths #3, #5, #6 and #8 indicate two different peaks
for two flaws. The first peak is approximately 12 mV, and the second is approximately 6
mV, which is half of the first signal amplitude. The ratio of V, measurements is precisely

the same as the flaw depth ratio.

0 2 4
Deepth (mm)

—20 mm in length —40 mm in length

Figure 3.22 Effect of flaw length and depth on signal amplitude.

The results indicate that the probe can accurately evaluate flaws. The butterfly
probe is also useful in evaluating flaw depth with scanning #2, which is for the angle of
flaw; scanning #2 differs from scanning #1 by 90°.

The effect of flaw length and depth on signal amplitude shows in Figure 14. The
amplitude is approximately the same as the flaw depth. This indicates that the length of
the flaw does not have a significant influence on evaluating flaw depth.

From the results of scanning #1 and #2, there was no significant difference from
the detection signals. Finally, an essential requirement for improving the quality of the
butterfly probe measurement signal is on making excitation coil pairs. Each excitation
coil must have the same specifications. Then, to get the best-balanced position, setting

the detector coil must be located right in the middle of the axis of the pair of adjacent
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excitation coils. These settings are to ensure the characteristics of self-differential and

self-nulling.

3.5. Summary
The proposed one-directional Butterfly Probe has been used in experiments to
detect various flaws on aluminum plates. The conclusions of the present study are as
follows;

1. Implementation of the butterfly probe design to detect flaws on the aluminum plate
was presented.

2. Analysis with finite element simulation, the butterfly probe succeeded in increasing
the eddy current density by approximately 1.8 times that of the conventional UEC
probe of the Hoshi probe model.

3. Testing on aluminum plates containing flaws, butterfly probes can detect flaws
clearly; each defect is expressed by a signal that has a pair of peaks whose distance
between the two peaks corresponds to the length of a flaw. Furthermore, the
amplitude of the signal peak correlates with the flaw depth.

4. Experiments show that the Butterfly probe successfully increased the detection
sensitivity up to 1.7 times compared to conventional UEC probes with a more
efficient power consumption of approximately 66%.

5. The self-differential and self-nulling characteristics of the butterfly probe can be seen
in the absence of a signal that appears significantly when the probe passes through
the middle of the flaw length. This situation is due to the probe detection coil under
balanced conditions. Meanwhile, the most significant signal is generated when the

detection coil is right at the end of the flaw.
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As long the axis of the butterfly probe is perpendicular to the length of the flaw, the
probe can diagnose the flaw thoroughly by scanning one or scanning #2, which both
direction different 90°.

Evaluation of measurements of flaw variations shows that the length of the flaw does
not significantly affect the results of the size of the flaw depth. Accordingly, the
butterfly probe can be considered in terms of reliable evaluation of flaw depth.

The precise setting of the detection coil position in the middle of the axis of the
adjacent excitation coil pair determines the quality of the resulting measurement

signal.
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Chapter 4
4. Butterfly Probe with Rotating
Uniform Eddy Current

4.1. Introduction

Eddy current testing using electromagnetic phenomena is a very useful method
for detecting flaws such as cracks on the surface of a test piece and is widely used in the
industry [27,51,55,56,57]. Eddy current probes have been used to enhance the
signal/noise (S/N) ratio [58].

Two approaches are employed for the development of eddy current probes. The
first involves the increase in the intensity of the generated eddy current by modifying the
position and shape of the excitation coils. The second is to improve the electromotive
force of the detection coil by modifying its position and shape; this improvement in the
electromotive force is a function of the interaction zone, the nature of self-differential,
and self-nulling [8,59,60,61].

To achieve a high S/N ratio from the signal, a UEC probe is used [10,19]. A UEC
probe is a specially designed probe such that the configuration of the excitation coil
provides UEC distribution, and the detection coils are characterized by self-differential
and self-nulling features [51].

A Hoshi probe, as a fundamental UEC probe, was invented by Hoshikawa. It

67
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consists of a large tangential rectangular excitation coil and a small pancake circular
detection coil whose position is in the backside surface of the middle of the excitation
coil. A Hoshi probe was designed to detect flaws such as flaws on the weld zone having
uneven surface a nonmagnetic material [10,43]. By improving the detectability of the
flaw based on further studies by Hoshikawa, a cross probe and plus probe of the UEC
probe were invented. The cross probe consists of a large tangential rectangular excitation
coil and a large tangential rectangular detection coil, while the plus probe consists of a
large tangential rectangular excitation coil and two tangential rectangular detection coils
[3,26,28]. Another type, a developed tangential eddy current array probe, can provide a
clear measurement signal of surface flaws despite changes in lift-off and permeability
[62].

As one of the UEC probe types, UEC probe with a giant magnetoresistance
(GMR) detector (that is, in conjunction with a magnetic sensor) was studied. The probe
consists of one tangential rectangular excitation coil and a GMR detector. The probe can
work at frequencies below 1 kHz, and thereby, can detect deeper flaws from the surface
of the test piece [31,32,63]. A similar type, using a tunnel magnetoresistance sensor, with
a rotating UEC orientation, was able to detect flaws in carbon fiber reinforced polymers
with variation in orientation and length of the flaws [64].

The recent probe design that uses the UEC principle is a differential planar eddy
current probe, was called the IOnic probe. The probe consists of one tangential
rectangular excitation coil and two pancake semicircular planar coils as the detector and
is capable of detecting fine flaws. However, the production of the probe requires high
precision as the symmetrical planar spiral detectors must be identical on both sides
[36,40,46].

In the UEC probe, the excitation coils are tangentially oriented to generate UEC
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distribution. However, this orientation provides a weak induction on the test piece,
resulting in low amplitude of UEC as well. Recently, a new UEC probe consisting of a
pair of rectangular excitation coils and a detector coil that are pancake-oriented was
developed by our research group and was called a one-directional butterfly probe by the
authors [46,53]. This probe has a large electromagnetic field induction on the test piece,
and thereby has the advantage of a large S/N ratio. However, the butterfly probe uses a
unidirectional UEC, and it has the disadvantage of not being able to detect a flaw whose
direction is parallel to the flow of UEC.

Therefore, to overcome this disadvantage, the one-directional butterfly probe was
improved. In this study, a UEC probe consisting of two pairs of rectangular pancake
excitation coils arranged in two layers and a circular pancake detection coil has been
proposed. The configuration of the probe was designed so as to generate a rotating UEC
that is able to detect flaws in all directions. This was called the butterfly probe with
rotating uniform eddy current (BPRUEC) by authors. The UEC distribution by a
BPRUEC was analyzed via finite element simulation. Furthermore, experiments were
carried out to examine the detectability of flaws in all directions on the surface of an

aluminum plate.

4.2. Materials and Methods
4.2.1. Structure Coils of BPRUEC

A one-direction butterfly probe proposed in a previous study [21] was modified
into a BPRUEC. The structure of the BPRUEC is shown in Figure 4.1. It consists of two
pairs of rectangular excitation coils arranged in two layers whose longitudinal axes are
perpendicular to each other. A circular detection coil is present at the bottom middle of

the probe.
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Figure 4.1 The structure of the coils in a BPRUEC, all dimensions in mm, (a) top view
(b) section view of A-A’.

The number of turns of each excitation coil of pair #1 of excitation coils was 500,
the total number of turns being 1000. The number of turns of each excitation coil of pair

#2 of excitation coils was 1000; thus, the total number of turns was 2000. The purpose of



70

a larger number of turns of coils for pair #2 was to induce the same induction strength to
the test pieces as pair #1, considering that the former has a larger lift-off value (11.5 mm).
The number of turns of the detection coil was 330 turns.

Since the two pairs of the excitation coils were orthogonally installed, it is
assumed that UEC; generated from pair #1 of the excitation coils flows in y direction,
while UEC, generated from pair #2 of the excitation coils flows in x direction. UEC; and
UEC; are, respectively, the UECs that are generated by pair #1 and #2 of excitation coils,
using two excitation currents for which the phase difference is 90°. The rotating UEC is
the resultant UEC (RUEC) of the UECs generated by pair #1 and pair #2 of the excitation

coils, as given by the following equations:

UEC, = Asin (?7t/) (4.1)
UEC, = Asin (4mt/-) + 7/, (4.2)
RUEC = /(UEC,)? + (UEC,)? (4.3)
o=t (25

where T is the period of the excitation current, 4 is the amplitude of the UECs, and ¢r is
the RUEC direction on the surface of the test piece. When two excitation currents are
flowing in the same period, RUEC is rotated in all directions with constant amplitude.

Figure 4.2 shows the rotating UEC distribution when using the BPRUEC.
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Figure 4.2 The UEC distribution with the BPRUEC (a) ¢ = 0, (b) t = n/4, (c) t = n/2,
and (d) ¢t = 3n/4.

The principles of the electromotive force of pancake circular detection coil with
flaws and without flaws are the same as that of a one-directional UEC probe. There are
two conditions of the detection coil in the butterfly probe: balanced and unbalanced.
These conditions are determined by the response of the interaction zone of the detection
coil against the UEC, as shown by the red dotted line in Figure 4.3.

Under the balanced condition, &1 and & of the electromotive forces of the detection
coil are of the same amplitude, but opposite in polarities, as shown in Figure 4.3(a). As a
result, they cancel each other out. This phenomenon is called self-nulling, where the
detection coil output is zero. The output is also zero when the probe is positioned in the
middle of a flaw, as shown in Figure 4.3(b); this is because the eddy currents have the
same disturbance on both the sides of the detection coil.

The model in which the edge of a flaw is located under the detection coil is shown
in Figure 4.3(c). Because the disturbance caused by the flaw caused &1 and &> of the

detection coil to have unequal amplitudes, an output is generated.
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Figure 4.3 The rotating UEC (RUEC) distribution patterns of the BPRUEC based on the
excitation signal cycle. (a) RUEC at 0 position, (b) RUEC at n/2 position, (c)
RUEC at n/4 position, and (d) RUEC on 37n/4 position.
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When there is a flaw on the surface of the test piece, the rotating UEC has a
position perpendicular to that of the flaw, as shown in Figure 3(c), (d). In this position,
the signal of the detection coil picks up the disturbance due to the flaw, which provides a
maximum signal during the measurement.

Furthermore, the self-nulling characteristic of the detector coil maintains even
under the rotating UEC distribution. Finally, to ensure high accuracy of the BPRUEC, the
resultant UEC generated from pairs #1 and #2 of the excitation coils should have the same
amplitude in all directions. Moreover, the excitation coils and the detector coil must have

a self-nulling characteristic.

4.2.2. Numerical Calculations

The distribution of UEC on the surface of the test piece was analyzed with a time-
harmonic analysis. In the analysis, with Magnet 7 version 7.4.1 from Mentor Graphics
Corporation located in Wilsonville, Oregon USA, which used the current vector potential
(7), the magnetic scalar potential (£2) method was used. In conducting medium, the basic
equations of the method are expressed by using Faraday’s law and Ampere’s law.
Constitutive relation has described in equations (3.1) to (3.6), on previous chapter.

The element of the mesh was modeled as a linear superposition of polynomial
basis function for high accuracy. The total number of meshes was 947,420. The analysis
was carried out with the meshes of the BPRUEC and the area under the probe as small a
size as possible within the performance of a personal computer.

Figure 4.4 shows the analytical model set up of the BPRUEC. The size and
configuration of the rotating UEC probe were the same as those shown in Figure 4.1. In
the analytical model, an aluminum plate test piece was modeled with dimensions of 120

mm in width, 120 mm in length, and 10 mm in thickness. Table 4.1 shows the
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electromagnetic parameters used in the analysis.

Detection Pair #1 of

coil excitation coils

Pair #2 of
excitation
coils

Air box

</ Test piece

Figure 4.4 The analytical model set up for the BPRUEC.

Table 4.1 Electromagnetic parameters used in analysis.

Parameters Copper Wire of Coil  Aluminum Test Piece
Electrical conductivity o 57.7 MS/m 35 MS/m
Relative permeability u 1 1

Pair #1 and #2 of the excitation coils were supplied with a 6.5 mA and 9.5 mA
current, respectively, at a frequency of 10 kHz. The phase difference of the excitation
currents between pair #1 of excitation coils was 90°.

Figure 4.5 shows the arrow plot of the UEC distribution on the surface of the test
piece with the BPRUEC. When the phases of excitation currents were 0 and 90°,
respectively, the UEC from pair #2 of excitation coils was at a maximum, while that from
pair #1 was zero. As a result, the resultant UEC was formed in y direction, as shown in

Figure 4.5(a). When the phases of excitation currents were 45°and 135°, respectively,
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Figure 4.5 Arrow plot of the UEC distribution on the surface of the test piece with the
BPRUEC. (a) t =0, (b) t =n/4, (c) t =n/2, (d) t = 3n/4, (e) t = =, (f) t = S5n/4,
(g) t=37n/2, (h) t = Tn/4, and (i) Density of J.

the UEC from pair #1 and #2 of the excitation coils was of the same amplitude. Thus, the

resultant UEC was formed at 135° as shown in Figure 4.5(b). When the phases of
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excitation currents were 90° and 135°, respectively, the UEC from pair #1 of excitation
coils was at a maximum, while that from pair #2 was zero. Therefore, the resultant UEC
was formed in y direction, as shown in Figure 5(c).

Similarly, as shown in Figure 4.5(a)—(h), the distribution of UEC with the
BPRUEC was in a counterclockwise direction. The intensity of the rotating UEC in the
area under the middle of the probe was almost the same although the intensity of the UEC

at 90°and 270° was a little lower.

4.3. Experimental Setup

Experimental set-up for testing the BPRUEC shown in Figure 4.6.

. High speed High speed Computer set
Synthesizer bipolar amplifier bipolar amplifier

Two phase lock in
amplifier

'_-7_; = B —
r-

Positioning robot
controller

@0 e m

Rotating
Butterfly probe

Figure 4.6 Experimental set-up for the BPRUEC testing.

Similar with previous experiment, the test plate was used aluminium plate 5052. On
the surface, there are four artificial flaws whose sizes are listed in Table 3.3, and their

positions are shown in Figure 3.8. Two excitation currents of sine wave with 10 kHz were
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generated using a synthesizer. Two excitation currents, with a phase difference of 90°,
were then amplified to 6.5 mA and 9.5 mA for pair #1 and #2 of the excitation coils,
respectively, using high speed bipolar amplifiers. The signal of the detection coil was
analyzed via a two-phase lock in the amplifier to obtain the amplitude and phase of the
signal. The acquired data were stored using a digital oscilloscope having a frequency of
4 Hz.

The BPRUEC was moved by a positioning robot to scan the surface of the test piece. The
robot’s speed was set to 10 mm/s and the scanning interval was 2.5 mm for both the x and y
directions. The distance between the probe and the surface of the test piece was approximately

1.2 mm.

4.3.1. Specification of Probe Coils
The specifications of the coils are summarized in Table 4.2.

Table 4.2 Specifications of coils of the BPRUEC.

Component Specification
Wire diameter 0.2 mm
Turns 2x500
Pair #1 X
o . Resistance 42 Q)
excitation coils
Inductance 157 mH
Impedance 108 Q
Wire diameter 0.2 mm
Turns 2x1,000
Rotating Pair #2 ;
o ) Resistance 179 Q
butterfly probe excitation coils
Inductance 204 mH
Impedance 1.27 kQ
Wire diameter 0.2 mm
Turns 330
Detection coil Resistance 920
Inductance 1.33 mH

Impedance 12.44 Q




4.3.2. Scanning Direction for BPRUEC
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The BPRUEC has four scanning directions, as shown in Figure. 4.8. In scanning

#1 and 2, to test the dominance of coil pairs on layer 1 to detect flaws. Then in scanning

3 and 4, to test the dominance of coil pairs on layer 2 to detect flaws.
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Figure 4.7 Scanning position of the BPRUEC: (a) Scanning #1 and #2; (b) Scanning
#3 and #4.

4.4. Results and Discussion

Figure 4.9 shows the scanning direction of the BPRUEC on testing. There are four

patterns of scanning, as shown in Figure 4.9(a) and (b). Scanning #1 was for the BPRUEC

moving along the y axis (blue line); it was repeated by shifting it in the x axis direction

(red line). In scanning #2, the BPRUEC moved along the x axis (red line), and then was

shifted in the y axis direction (blue line).

In scanning #3 and #4, the position of the test piece was rotated by 90° from its

position during scanning #1 and #2. Scanning #3 involved the moving of the BPRUEC

along the y axis (blue line), followed by shifting in the x axis direction (red line). In

scanning #4, the probe moved along the x axis (red line), and then shifted in the y axis
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direction (blue line). In scanning #1 and #2, the flaws were parallel to the x axis, and the
axis of pair #2 of the excitation coils was perpendicular to the flaw lengths. In scanning
#3 and #4, the flaws were parallel to the y axis, and the axis of pair #1 of the excitation
coils was perpendicular to the flaw lengths. These scanning paths allow further discussion

regarding the orientation of the flaws and the scanning paths.

300
300
75
275
50
) A 2 + 404 20-4
15 40-4 20-4 25 -
N = 200 = (=]
200 I
T 175
175 :gaﬁ '-'él)
150 =
150 E g
= 125 g 40-2 20-2
# 40-2 20-2 o 100 ©v = —
100 = = .
b . - 50 [ i Scanning #3
50 P Scanning #2 ! ! . = >
< E 8 - 1= 2 Test picce
» Test picce SI|ES xf o
v 0 1 m 1 n T T n r r n N r 0 25 |50 75 100 125 150 175 200 225 250 275 300
l 0 25 S0 75 100 125 150 175 200 225 250|275 300 TV Rotating butterfly probe
- x Rotating butterfly probe
(2) (b)

Figure 4.8 Scanning direction of the BPRUEC. (a) The flaws are parallel to the x axis.
The axis of pair #2 of the excitation coils is perpendicular to the flaw lengths.
(b) The flaws are parallel to the y axis. The axis of pair #1 of the excitation
coils was perpendicular to the flaw lengths.

The measurement results from scanning #1 to scanning #4 are shown in Figure
4.10. In general, the measurement results clearly distinguish the signals from flaws, which
is indicated by the presence of two peaks of amplitudes for each flaw. However, there
were significant differences in the amplitude and peak patterns of the amplitude between
the results of scanning #1 and #2 compared with the results of scanning #3 and #4. The
repeatability of measured results with the BPRUEC was investigated. As a result, similar

results with a similar amplitude and distribution were obtained.



81



82

m-5-0
15 F m0-5

m-5-0
20-4 m0-5

-5
240

x (mm) 150

105 S 260

0 185 210 23

60 16
135
60 85 110 y (mm)

(d)

Figure 4.9 Measurement results (a) scanning #1, (b) scanning #2, (c) scanning #3, and
(d) scanning #4.

4.4.1. Detection of flaws whose length is parallel to the x axis
In Figure 4.10(a), the two peaks of the signal on the edge of the flaw were

relatively similar. The signals of 40-4 and 20-4 were approximately 18 mV, and the signals
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of 40-2 and 20-2 were nearly 8 mV. The amplitude of the signal of flaw depth of 4 mm
was twice as large as that of the flaw depth of 2 mm. Moreover, the distance between the
peaks of the signal of each flaw corresponded to the flaw length itself.

Figure 4.10(b) shows the measurement result of scanning # 2. The signals were
clear, although the two peaks of the signal from each flaw were not the same. The
amplitude of peak at one end of a flaw, which was first scanned by the probe, was larger

than that at another end of the flaw that was scanned subsequently.

4.4.2. Detection of flaws whose length is parallel to the y axis

The measurement results of scanning #3 are shown in Figure 4.10(c). All detection
signals differed from the other measurement results, signifying that the signal did not
have two peaks. However, the amplitude of the peak of the signal size was relatively
similar to that in scanning #4.

Figure 4.10(d) shows the measurement result of scanning #4. Three flaws, 40-4,
20-4, and 20-2, were clearly detected with two signal peaks. The amplitude of the peaks
of flaws 40-4 and 20-4 were approximately 11 mV, while the amplitude of the peaks of
flaws 20-2 measure approximately 5.5 mV. However, the amplitude of the larger peak for
the 40-2 flaw was approximately 5.5 mV, while the amplitude of another peak was almost

half (approximately 3 mV).

4.5. Discussion

Based on the measurement results, two issues from experimental findings were
analyzed. The first issue was that the peak amplitude of scanning #1 and #2 was
approximately 1.5 times higher than those of scanning #3 and #4. This was caused by the

influence of induction strength that dominates from pair #1 and #2 of excitation coils in
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the measurement. By considering the structure of the butterfly probe and the mounting
condition of the probe to the positioning robot, the predominant factor affecting the
amplitude of the peak of the signal was whether the axis of the excitation coils was
perpendicular to the flaw length or not. In scanning #1 and #2, the axis of pair #2 of the
excitation coils was perpendicular to the flaw length, while, in scanning #3 and #4, the
axis of pair #1 of the excitation coils was perpendicular. Moreover, the number of turns
of pair #2 of the excitation coils was twice than that of pair #1. In addition, the excitation
current was also 1.5 times higher for pair #2 than that for pair #1. These differences
between pair #1 and pair #2 of the excitation coils were intended to balance the strength
of the induction to generate the rotating UEC with the same amplitude in all directions by
considering the different lift off values, which were 11.5 mm for pair #2 and 4.2 mm for
pair #1 of the excitation coils. However, the difference was insufficient to generate the
rotating UEC with same amplitude in all directions. The induction of pair #2 of the
excitation coil was larger than that of pair #1 of the excitation coils, so that the amplitude
of the peak of the signal dominated by pair #2 was larger than that dominated by pair #1
of the excitation coils.

The second issue was that the amplitude of two peaks of the detection signal on
the edge of each flaw were not relatively similar. This issue was evident from the results
of scanning #2 and scanning #3. In these cases, the rotating probe moved toward the edge
of the flaw and parallel to the flaw length; the UEC was of relatively high density, as it
was compressed owing to the flaw, so that the signal of the electromotive force generated
from the detection coil increased, as shown Figure 4.11(a). As the rotating probe moved
away from the edge of the flaw, UEC at the area was relatively uncompressed, and the
signal of the electromotive force generated from the detection coil decreased, described

in Figure 4.11(b). Meanwhile, in scanning #1 and #4, as shown Figure 4.11(c), the
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BPRUEC was moving toward the edge of the flaw and perpendicular to the flaw length.
In these cases, UEC distributions on the edge of the flaw were almost same on both the
edges of the flaw; as a result, the same amplitudes of the peaks of the signals were

observed.

The detection coil The detection coil moves
moves towards the flaw away from the flaw
—_———
UEC A4AAAS
~hiii

Detection coil

(b)

The detection coil
moves toward the
flaw in the
direction that is
perpendicular to
the flaw length

Detection coil

(©

Figure 4.10 UEC distributions due to the movement of the BPRUEC (a) probe moving
towards the flaw, (b) probe moving away from the flaw, and (c) probe
moving toward the flaw perpendicular to the flaw length.

As described above, the amplitude of the two peaks of the detection signal on the

edge of each flaw were not relatively the same. Moreover, in the measurement results of

scanning #3, one peak of the detection signal on the edge of each flaw disappeared
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because pair #1 of the excitation coils, whose induction was weak, was dominant in
generating the signal when the BPRUEC was moving away to the edge of flaw parallel
to the flaw length.

Finally, an essential requirement for improving the BPRUEC is to determine the
ratio of the number of turns between the pair of excitation coils, the excitation currents
for each pair of the excitation coils, and the structure between the excitation coils to
generate the rotating UEC with the same amplitude in all directions. Determining the
position to meet the right balance between the excitation and detection coils to ensure
self-nulling characteristic for a high S/N ratio is another aspect that merits further

investigation.

4.6. Summary

The Butterfly probes with rotating eddy current proposed have been used in
experiments to detect varying flaws on aluminum plates. The conclusions of this study
are as follows,

1. Implementation of the designed butterfly probes with rotating uniform eddy current
to detect flaws on the aluminum plate presented.

2. Analysis by finite element simulation, the butterfly probe with two pairs of excitation
coil succeeded in showing a uniform eddy current pattern rotates that having relatively
almost the same amplitude in all directions.

3. The probe successfully detected flaws in all directions although the detectability of
the probe, which its result was depend on scanning direction.

4. In the direction of scanning # 1 and # 2, butterfly probes with uniform eddy currents

that rotate could clearly detect flaws; flaw length corresponds to the distance between
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the two signal peaks produced. Meanwhile, relatively, the amplitude of the signal
peaks relates to the flaw depth.

. In the direction of scanning # 3 and # 4, the probe could detect flaws; the distance
between the two peaks produced corresponds to the flaw length. However, the peak
signal amplitude is lower than scanning # 1 and # 2 and tends to be not the same.

. Detection signals from scanning # 1 and # 2, maximum energizing was dominated by
pair #2 of excitation coil. Meanwhile, the detection signal from scanning # 3 and # 4,
maximum energizing was dominated by pair # 1 of the excitation coil. In this case,
the number of coil windings in pair # 2 is twice then pair # 1. This ratio causes the
detection signal from scanning # 1 and # 2 to be higher.

. The probe successfully showed the characteristics of self-differential and self-nulling
with the signal amplitude that tends to zero when the probe is in the middle of a flaw.
. The precise setting of the detection coil position in the middle of the crossing of two
pairs of excitation coil is a determinant of the quality of the resulting measurement

signal.



Chapter 5

S.

5.1.

Conclusion

Conclusion
Reviewing all the studies that have been described in all chapters, the

following are the conclusions of this study;
A pair of pancake-oriented rectangular excitation coils from the butterfly probe have
shown successful performance to increase the intensity of the uniform eddy current
on the test piece. The detection signal becomes higher because of it.
The pancake-oriented circle detector coil, which set in the middle of the axis of the
excitation coil pair, makes the probe have self-differential and self-nulling
characteristics. This characteristic had shown from the testing where the detection
signals would increase when the coil in unbalanced condition due to flaw and
relatively zero under a balanced condition.
In its measurement, an artificial lines flaw represented by a detection signal that has
two peaks. The distance of the two signal peaks represents the length of the flaw, and
the amplitude of the peak signal represents the depth of the flaw.
The right sensitivity of the measurement signal is affected by the specifications of
the excitation coils must be precisely the same, and the detection coil setting must be

right in the middle of the axis of the excitation coils pair.

89
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A rotating eddy current had success generated from two layers of excitation coils pair
which arranged perpendicular each other. The uniform density of the rotating eddy
current influenced by the precise arrangement of the position of the coils, and the

ratio of number winding between the coils layer.

5.2. Recommendation for Further Work

1.

Future studies are expected;

The application of butterfly probes to other test materials is needed to improve the
design and to get a general model that can be used to measure other types of materials.
The coils structure of the BPRUEC must be calculated the precise ratio between the
winding coil of pairs #1 and #2 for perfecting. In this work, the ratio was only set at
1:2 for simplicity.

To obtain a relatively uniform rotating eddy current density, the lift-off effect of the
second layer of excitation coil on BPRUEC needs to be reduced by modification of
the excitation coil structure using multi-layers. The multi-layer effect needs to be

further observed.
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