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Reésume

La thése est dédiée au développement de sondes 3D a base de capteurs magnétorésistifs capable
de détecter les trois composantes du champ simultanément et en méme point de mesure pour le

controle non destructif par courants de Foucault et pour I’imagerie magnétique.

Les méthodes de contrdle non destructif (CND) ont un grand intérét dans des nombreux secteurs
industriels et sont fréquemment utilisées pour le contrdle des piéces conductrices. La méthode
des courants de Foucault (CF) est une méthode de CND utilisée pour détecter les défauts
surfaciques et sub-surfaciques dans des pieces conductrices. L’imagerie magnétique permet la
cartographie et I’extraction des propriétés des échantillons : topographie, densité électronique,
force d'interaction, courant tunnel...Des nouvelles générations des microscopes a balayage ont

été développées pour scanner une grande surface avec une résolution spatial micrométrique.

Les capteurs magnétorésistifs utilisés dans cette thése sont & magnétorésistance géante (GMR).
IIs présentent une sensibilité élevée et indépendante de la fréquence. Les GMR sont des capteurs
de champ magnétiques intégrables et ont montré leur performance pour la détection des petits
objets magnétiques de taille micrométrique gréce a sa résolution spatiale élevée. Les
microscopes a balayages basées sur les GMR permettent en plus de scanner des grands
échantillons. Les GMRs présentant une réponse indépendante de la fréquence deviennent
nettement plus performantes que les bobines inductives (les plus utilisées dans le CND par
courant de Foucault) pour la détection des défauts enterrés qui nécessitent 1’utilisation des
basses fréquences. Elles sont aussi particulierement intéressantes pour la détection de tout petits

défauts.

Les deux premiers chapitres de la thése donnent un état de 1’art des techniques utilisées pour
I’imagerie magnétique et le contrdle non destructif en mettant en évidence les intéréts de

chacune.

Le chapitre suivant décrit la fabrication des sondes et leurs principales caractéristiques.

En exploitant les avantages de nos GMRs de taille 30 um et de détectivité 20 nT /vHz a 10 Hz,
nous avons developpé une sonde capable de détecter les trois composantes du champ

simultanément et en méme point de mesure.



Cette sonde est formée de quatre GMRSs, chacun de ces capteurs est orienté a 45° I’un en face
de I’autre. Ces quatre GMRs sont fixées sur un support mécanique de forme de tige a bout

pyramidale (figure 1).
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Figure 1 : vue schématique de la sonde (partie gauche) photo de la téte de la sonde montrant les 4 triangles de
silicium comportant au bout un élément GMR en forme de C (partie droite)

Chaque GMR est reliée a un circuit ¢lectronique constitué d’un pont de Wheatstone et d’un

préamplificateur « INA 103 » de trés bas bruit typiquement 1 nV/\Hz intégré dans la sonde.

La premiere étape pour reconstruire les trois composantes du champ consiste a calculer la

sensibilité de chaque capteur selon les trois axes afin de créer la matrice de sensibilité (S;; la

sensibilité de capteur ‘i’ selon la direction® j ) :

La sensibilité d’'une GMR est essentiellement axiale. La figure 2 donne un exemple de réponse.
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Figure 2 : exemple de réponse d’'une GMR en fonction du champ magnétique appliqué le long de son axe de
sensibilité

La figure 3 montre la conception de la distribution des capteurs GMR selon les plans x-z et y-
z. En exploitant les signaux recus par les GMRs de la sonde CF et la matrice de sensibilité, on

peut reconstruire les trois composantes de champ.

Figure 3 : Distribution des GMR dans I'espace

La sonde proposée dans cette thése a été utilisée avec succes dans I’imagerie magnétique dans
le chapitre suivant : détection et espacement entre des éléments magnétiques séparés avec une
distance de 0,5 mm ont été réalisés avec succes, détection des petites quantités de ferrite
magnétique dans un billet d'un dollar sont atteints. Ce travail constitue encore une des premieres
applications pour la mesure des susceptibilités des matériaux avec des capteurs GMR. En

ajoutant une détection d’une ligne de courant a été fait (figure 4).
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Figure 4 : balayage 2D du champ magnétique d’une ligne de courant excitée par un courant continu de 20 mA,;
Résultats des trois composantes simulés (partie gauche) et les trois composantes du champ mesurés par la

sonde 3D (partie droite).

Dans une derniéere partie de la thése, des mesures ont été réalisées avec cette sonde dans le
contr6le non-destructif, la sonde proposée dans cette thése a été utilisée avec succes pour
détecter des défauts micrométriques dans des échantillons d'aluminium, inconel et de titane
avec un bon rapport signal sur bruit. Le figure 5 montre a titre d’exemple une comparaison
entre les résultats expérimentaux et simulés des trois composantes du champ magnétique : Hx,
Hy et Hz d’un défaut continu dans une plaque d’inconel. Le défaut a les dimensions suivantes:

longueur x largeur x profondeur = 4 x 0,1 x 0,93 mm3avec un ligament de 1,3 mm.
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Figure 5 : Résultats de simulation (partie gauche) et résultats expérimentaux (partie droite)

Enfin une partie conclut la thése et donne les principales améliorations a réaliser sur ces sondes
et des perspectives ouvertes par ce travail
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1VV. Introduction

The work presented in this thesis focuses on the design of probe allowing simultaneously
reconstruction of three components of magnetic field at the same measurement point (3D

probe), for non-destructive testing (NDT) and magnetic imaging applications.

NDT is used in order to evaluate the properties of a wide variety of materials without causing
damage. Some of the common non-destructive techniques are eddy current, ultrasonic, optics,
radiography and liquid penetrant testing. In NDT applications, the eddy current technique
(ECT) is a widely technique used to detect and identify surface and sub-surface defects in
conductive materials such as aluminum, inconel or steel. The principle of the eddy current
technique is based on the interaction between magnetic field emitter to induce eddy currents in
a controlled piece and sensors to detect the magnetic field created by these eddy currents. The
sensors can detect the presence of defects in the controlled piece by monitoring changes in the
emitted field.

Magnetic imaging consists on measuring the magnetic stray field emitted by a magnetic object.
At micron scales, it allows to reconstruct the magnetic inhomogeneitites of the object, which
can be related to structural shape, material inhomogeneities or domain formation. Magnetic
imaging is also used to determine current flows on a material surface. DC measurement gives
the static configuration while AC measurement allows the determination of either AC current
flow, either local susceptibilities. Above a large use in condensed matter physics, magnetic
imaging is used in microelectronics for circuit failure determination, in magnetic industry

(storage and magnetic sensors) and in geophysics to determine properties of rocks for example.

The probes developed in my PhD work are based on spin electronics sensors, which are based
on the use of the spin of electrons in conductive layer to manipulate their transport properties.
The giant magnetoresistance effect (GMR) discovered in 1988 allowed the fabrication of high
sensitivity and micron size magnetic sensors. The resistance of the GMR changes with the
application of external magnetic field. GMR with spin valves shape are a particular case of
multilayered structure where the resistance is varying as the angle of the applied external field
and an internal reference direction. GMR sensors have been first implemented in read heads for
hard disk drives and more recently in a wide variety of products for automotive, energy

monitoring or health applications. For NDT applications, GMR sensors overcome the limits
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related to the fabrication of very small coils, while bringing a very good detectivity. The size

of GMRs allows also the realization of 3D probes.

Achievement of the Work

The main achievements of the research work can be summarized as follows:

v

Literature survey that brought understanding and familiarity with magnetic sensors,
NDT techniques, and different types of microscopes for magnetic imaging.

Design and construction of 3D probes based on four GMR sensors allowing
simultaneously reconstruction of three components of magnetic field at the same
measurement point, which includes hardware (mechanical support, electronic circuit,
emitter part for NDT application...) and software (code to reconstruct the three
components of magnetic field by the signals received from the four GMR sensors, noise
elimination...).

Different types of GMR sensors have been developed for different types of applications
compromising detectivity and magnetic field range. Magnetic imaging of model
systems: current line, one-dollar bill, structured metallic object.

Implementation of a magnetic imaging of susceptibility.

Probe configuration and emitter dimensions for NDT have been optimized by
simulations in CIVA software.

Detection of um-sized and mm-sized defects in Aluminum, Inconel and Titanium

samples and the reconstruction of three magnetic components have been achieved.

Thesis Layout

Chapter 1 presents a non-exhaustive bibliographic collection of magnetic sensors, usable for

magnetic imaging and for NDT. This chapter highlights a summary of the main properties of

magnetic sensors, and details principle of the GMR (chosen for the developing of the 3D probe).

Chapter 2 reports a state of the art of different NDT methods : their application and their

performance. Review on the use of Eddy current testing and the key features of this method for

surface and sub-surface flaws inspection are also reported.
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Chapter 3 describes non-exhaustive state of the art concerning microscopes using for magnetic
imaging. We will look at the advantages of the 3D probe based on GMR sensors for micro-
imaging application and compare them to other magnetic imaging microscopes.

Chapter 4 reports the design of the new 3D probe based on GMR sensors, which is comprised
of electronics and hardware. Two kinds of GMR used for the developing of the 3D probe have
been described: The type 1 GMR sensor has sensitivity of 19 V/V/T and has a maximal working
field up to £15 Oe. The second type of GMR sensor has a bigger working field (£200 Oe) than
the type one sensor at the detriment of its sensitivity (3.5 V/V/T.) The characteristics of these
GMR sensors (stack, sensitivity, noise measurement and detectivity) are also discussed.

Chapter 5 introduces the experiments on the performance of the 3D probe for magnetic imaging.
Detection of three components of the field generated by a current line and one-dollar bill are
presented. Magnetic imaging of magnetic objects with arbitrary shapes in soft steel object are
discussed. Also we will show the performance of 3D probes for spacing between close magnetic

features and for susceptibility measurement.

Chapter 6 introduces the experiments on the performance of the 3D probe for NDT. Probe
configuration and emitter dimensions optimized by simulations have been discussed. Detection
of three components of magnetic field response caused by sub-surface and surface defects (um-
sized) in Aluminum, Inconel and Titanium mock-ups are presented. Comparison of the

experimental results and simulation results are also presented.

Conclusions drawn from the research work and sets out recommendations for further work are

given at the end.
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Part 1: Literature Review



1.1

Chapter 1. Magnetic sensors

Introduction

The sensor in general is a device that transforms a physical quantity into a usable
quantity like current or voltage. Magnetic sensors described in this chapter are
measuring a magnetic field or a magnetic flux and produce a voltage output proportional
to that measured quantity. There are different types of magnetic sensors, like inductive
magnetic sensors (coils) [1], fluxgates [2], Hall devices [3], Giant Magnetoimpedance
(GMI) [4], anisotropic magnetoresistance (AMR) [5], giant magnetoresistance (GMR)
[6], tunnel magnetoresistance (TMR) [7], each one useful for specific applications. This
chapter presents first a non-exhaustive bibliographic collection of these magnetic
sensors, usable for magnetic imaging and for non-destructive testing. There are other
magnetic sensors with good performances in terms of minimum detectable field and
spatial resolution, such as SQUID (Superconducting Quantum Interference Device)
sensors [8] not presented here due to their conditions of use with cryogenic cooling and
their expensive cost which make them difficult to operate in Non-destructive testing
context. We will detail GMR sensors and their characteristics more than the other

sensors, because they are the base of developed probes.

1.2 Magnetic sensors

A magnetic sensor is in general a part of measurement chain that transforms the
magnetic field detected into a usable quantity typically a voltage (Figure 1.1) [9]. The
main interest of the magnetic field is to freely propagate in space which allows non-
contact detection. For that reason, magnetic sensors are used in a wide range of
applications like distance, speed, current measurements, metal characterization or non-
destructive testing (NDT).

Results

Magnetic Instrumentation‘ Dis
) play
Sensor

Figure 1.1- Measurement diagram of magnetic field
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1.3 Sensitivity, detectivity and noise.

13.1

1.3.2

1.3.3

Here, we introduce some definitions extensively used in the document.
Sensitivity

The first one is sensitivity. Sensitivity is the output voltage obtained for a given field
applied on a sensor. That sensitivity is given in VVolt(V)/Tesla(T) but depending of the

sensor technology other quantities can be used.

For example, magnetoresistances or Hall effect sensors where a resistance is varying
with the field, the output voltage is proportional to the bias voltage applied to the sensor.

Then the sensitivity is given in V/VIT.

As we will see later, inductive sensors have a sensitivity, given in V/T and it depends

on the frequency. Hence, sensitivity will be given at a specific frequency.
Noise.

The noise of sensors is as important as the sensitivity as performances will be given by

the signal to noise available. Noise is nearly always given in V/+/Hz at a given

frequency. Sources of noise will be described later.
Detectivity.

The detectivity or field equivalent noise is the most suitable quantity to compare
different magnetic sensors. It is the field for which the signal to noise ratio is one. Hence,
it is equal to the noise in V/+/Hz divided by the sensitivity. It is given in T/vHz.
Detectivity is usually dependent on the frequency but also on the voltage biasing, size

etc... of each sensor.

1.4 Noise in magnetic sensors

The noise of magnetic sensors can be classified into two categories: white noise

independent of frequency (thermal noise and shot noise), and noise dependent of the
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frequency such as: 1/f noise or random telegraphic noise (RTN). Also electronic and
instrumental noises influence on the level of magnetic sensors detection. The entire
measurement chain (including amplification and electronics circuit), gives noise signal
at their output, which limits the level value of useful signal measured. We introduce

noise directly related to magnetic sensors described in this chapter.
White noise

The first form of white noise is the thermal noise or Nyquist noise. Any resistance in
non-zero temperature is a source of electrical noise. The average velocity of electrons is
zero in the absence of electromotive force. However the average of the resistance

fluctuations is non-zero due to Brownian motion. At a fixed temperature T, the voltage

spectral density of thermal noise Sé/tfl is given by the Nyquist formula (equation (1-1)),

where Kjg is Boltzmann constant, R is the magnetic sensor resistance, and T is the

temperature [10]:
Syl = /4K T.R. (1-1)

The second form of white noise is the shot noise. It is an electric noise that can be
modeled by Poisson law. Shot noise reflects the discreet nature of carriers charge
(fluctuation of some number of carriers). Under the action of electric field, an electric
current is generated by the individual transport of charge carriers. This noise, unlike the
thermal noise, is directly related to electric current | and to the charge of carriers. Its

spectral noise density 51},/52hot is given in Volt, and can be calculated by the following

equation:
Selo: =V 2.e.1. (1-2)

where e is the charge of the electron and the coefficient 2 is coming from the fact that
we reason only in positive frequencies. This noise is present only in tunnel junctions,

and thus in TMR magnetic sensors which will be described later in this chapter.

1/f noise

The origin of 1/f noise is still a subject of discussion. This noise appears at low
frequencies and decreases roughly as 1/f. 1/f noise is observed in nearly all existing
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phenomena ranging from earth quakes to brain activity but also in a simple resistance
wire. In metallic conductors this noise is related to a resistance noise and hence it is
revealed when a current is sent through the conductor. For that reason, it is particularly
important for magnetoresistances where the resistance is varying with magnetic field

Thus the 1/f noise could have an electrical and/or a magnetic origin in GMR sensors.

The spectral density of 1/f noise observed in various components is inversely
proportional to frequency (1/fY) with y is about one. In 1969, F. N. Hooge proposed
phenomenological relationship through the collection of large number of experimental
results on semiconductors and homogeneous metals [11]:

ay V2
Syar(f) = 2 — (1-3)
C

where V is a potential difference that across the conductor, N, is the total number of
charge carriers in the material. The Hooge constant a is non-dimensional parameter
that depends on the purity and on the number of defects present in the material [12]. The
Hooge constant a /N, allows comparison of noise level between sensors. The 1/f noise
dominates the white noise (typically in GMR and TMR) below cut-off or overlap
frequency f.. The noise due to magnetic domain is very high in small magnetic GMR
sensors and is strongly related to structural properties and magnetic configuration of the
GMR. As this noise is inversely proportional to the number of carriers, to increase the
volume of the sensor reduces the 1/f noise. This can be done by lengthening the yoke

(will be presented in paragraph 4.5) or connecting several GMR in series or in parallel.
Random Telegraphic Noise (RTN):

Random telegraph noise (RTN) is one of important dynamic variation sources in digital
circuits. RTN occurs due to the random trapping/detrapping fluctuations, it is important
to study the RTN, since it is often due to random fluctuations between the metastable
states of the magnetic domains of the free layer. This phenomenon inducing undesirable
variations in resistance is strongly dependent on working conditions of the device, and

on polarization current. The spectral density of RTN is given in Eq 1-5

Sv,rrn (0)
COSh(I?B_ET) [cosh2 (kAB_ET) + (2nfr)2]

Sv.rrn (f) = (1-4)



— — . — . E;
Where 771 = Y2 vt with t;7with 7; = 7,0 exp (ﬁ)El corresponds to energy
B

level of state ‘i’.

In magnetoresistive sensors like GMR and TMRs, RTN noise is mainly due to magnetic
domain fluctuations. It has been demonstrated that by a shape of the sensor or by

magnetic stabilization of the magnetic layers, it can be reduced or even eliminated [13].
Example:

In Figure 1.2 results obtained by Trauchessec et al. [14] on a GMR sensor are shown.
The square root of the noise power spectral density (right part) exhibits two components:

thermal noise and the low-frequency noise, which the thermal noise becomes dominant

above 1 kHz. The detectivity in the thermal noise regime of this sensor is 0.1 nT /v Hz.
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Figure 1.2-GMR characteristics as a function of the magnetic induction (left part), noise in a yoke-type GMR
(right part) of 5um width

1.5 Inductive magnetic sensors

Inductive sensors are one of the oldest and most well-known type of magnetic sensors
[15]. Inductive sensors are coils with different geometries, flat or solenoid. Generally,

conventional coils are fabricated by winding a copper wire around a core.

Thanks to Lenz-Faraday induction phenomenon (Equation (1-5)), the magnetic field
variation into the inductive sensor creates a voltage. The transfer function of induced
voltage measured across the coil is given by V = f (B). This transfer function results

from the fundamental Faraday’s law of induction:

dd dB dH
V=-n.—=-nd—= —Ho-n-A-E

1-5
dt dt (1-9)



where @ is magnetic flux passing through a coil with an area A and a number of turns
n. The output signal of a coil, V, depends on the rate of change of flux density dB/dt.
The sensitivity S of the coil is the ratio of amplitude V to the magnetic field B, according

to the Lenz-Faraday law, at the frequency f. It could be written as:

S= —| - n2.mf.A (1-6)

This equation shows that the sensitivity of inductive magnetic sensor increases when
frequency, dimensions or number of turns increases. However, the sensitivity is limited
by the resonance frequency f, (equation (1-7)). If the working frequency f is higher
than the resonance frequency of the inductive sensor (f > f,), the sensitivity starts to

decrease. The equivalent circuit of inductive magnetic sensor is described in Figure 1.3.

S bl

0

Figure 1.3-Equivalent circuit of induction sensor with load capacity C, and load
resistance R.

This resonance frequency depends on the internal resistance R, inductance L and self-

capacitance C of coil sensor:

1

fo = 2.m.L.C (1-7)

At frequency above the resonance frequency, the operation of inductive magnetic sensor
is dominated by the parasitic capacitance, and it becomes equivalent to a capacitor.
Thus, the inductive magnetic sensor will become unusable for NDT and magnetic
imaging applications. Above the resonance frequency, witha =R/Ry, B =
R.\JC/L,andy = f/fy = 2.m. f.\/L.C the sensitivity of inductive coil can be also

expressed by the following expression [16]:



n2.mA

S =

\/(1+C¥)2+(ﬂ2+g—2—2)xy2 + y4 (1_8)

The inductive sensors could contain a ferromagnetic core in order to concentrate the

magnetic field and to increase the sensitivity [17].

According to equation (1-6) the sensitivity can be increased by increasing the coil
surface, but the counter part for NDT is the decrease of the spatial resolution. The
minimum magnetic field detectable by the coil is also limited by the intrinsic noise of
coil and by the noise of associated electronics. In addition, the intrinsic thermal noise of
the coil increases with its resistance, thus, the intrinsic thermal noise increases with its

dimensions and number of turns.

The performance of inductive sensors can be calculated analytically in case of coils

without ferrite core. Korepanov details it in [18].

Here we will take two examples, which will allow us to compare GMR/TMR sensors

and inductive coils performances for non-destructive evaluation.

The first example is a square coil that has the following characteristics: resistance of

3.5 Ohms, 8 layers, each layer has 9 mm? of effective surface, and one turn (Figure 1.4).

Figure 1.4-Square Coil

According to the Nyquist formula, its spectral density of white noise 51}/51 is0.24 nl/

VHz . Equation (1-6) allows to calculate a sensitivity S of 5.4V /T at 12 kHz. lts
detectivity is equal to Sy’ /S = 44 pT/vHz at 12 kHz, if the noise is limited by the
coil. If we consider a preamplifier with a typical voltage noise of 1 nV /vVHz this gives

a detectivity of 176 pT /VHz.



The second example is a micro coil that wound using 0.7 mm radius wire, 460 turns and

has a resistance of 32 Ohmes.

Figure 1.5- Cylindrical Coil

The cylindrical coil has white noise spectral density 51}/51 of 0.73 nV /VHz . Equation

(1-6) allows to calculate its sensitivity S =53 V/ T at f = 12 kHz. Its magnetic noise is
equal to 13 pT /VHz at f= 12 kHz. Mook presents in [19] the limit of miniaturized coil

dimension using a copper wire of 30 um diameter: it has a width of 0.5 mm, length of
3 mm, 1000 turns.

Another type of coils is etched coils made on standard PCB or on flexible film of Kapton
type. Kapton is a thin film of polyimide, from ten to several hundreds of micrometers,
which has a very good flexibility. These flexible sensors allow to inspect complex
shapes objects. For example, an eddy current probe for NDT developed in our laboratory
is composed of 96 patterns of 2 micro-coils etched on a soft Kapton film of 50 um of
thickness Woytasik presents in [20] an example of coils that have 13 turns in a volume
of 30x18x100 um3. The micro-coils allow to innovate in biomedical instrumentation
such as Nuclear Magnetic Resonance (NMR) using for imaging or for spectroscopy [21,
22]. Khelifa describes in [23] the manufacturing processes of flexible rectangular micro-
coil (500 x 1000 um?*) made on kapton substrate for NMR. Micro-coils have a limited
spatial resolution and a limited sensitivity at low frequencies but are very efficient at

high frequencies.

1.6 Fluxgates

Fluxgates sensors are composed of a ferromagnetic core and at least two coils. There

are several configurations of fluxgate sensor, which are described in [24, 25]. Figure 1.6
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shows one of these configurations: an exciter winding surrounding the nucleus,
traversed by alternative current, creates an alternating magnetic field in the core, locally
parallel to the winding axis. The corresponding induction undergoes saturation,
symmetrical to zero. Another winding is arranged around the core, its axis being
rectilinear. The first coil is called the excitation coil, while the second one is called the
measurement coil or pick-up coil. These sensors exploit the saturation of ferromagnetic

material of core.

Excitation
Coil

Measurement of fem allow the
recalculate of B

Pick-up
Coil

AN N T AN

Figure 1.6-Principle diagram of fluxgate

The voltage at the output of the pick-up coil has a form of pulses. In the absence of
external magnetic field, the voltage is symmetric in time. In presence of external
magnetic field, the saturation of core is more rapid for one semi-period than another.
This asymmetry induces a time shift in the voltage at the output of pick-up coil. The
measurement of this time shift allows to estimate the value of the external magnetic
field. Figure 1.7 shows the principle of phase shift measurement at the output of pick-
up coil using to detect the presence of external magnetic field. We deduce external

magnetic field H,, by the measurement of interval between the pulses.
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Figure 1.7- Principle of pulse shift method

The excitation coil frequency for fluxgate is in general between 50 Hz and 10 kHz.
Fluxgates have a high sensitivity, especially for continuous magnetic fields. They are
developed initially for compasses, because they are able to detect the Earth's magnetic
field. They are able to measure the components of constant or varying magnetic field
vector in the range from 0.1 mT to 8 mT at frequencies up to several kHz. Pavel Ripka
describes in [26] a summary of fluxgates performances. Recently, printed circuit board
(PCB) technology has been used in the development of planar fluxgates for NDT
application [25]. Kejik has developed a 2D planar fluxgate composed of two orthogonal

plan coils and an amorphous ferromagnetic core in the shape of PCB ring [27]. The

authors report that the sensor is linear in a range of £60 uT, and shows a sensitivity of
55 V/mT. Also in biology application, a fluxgate sensors have been used in order to
determine the binding between Streptavidin proteins with Biotin [28] and to study the
release properties of hydrogel cylinders and microsphere [29].

Reducing of fluxgate dimensions decreases its performance. To prove this, we consider
two following examples: first, a sensor made by the Bartington Instrument Company
with a volume of 8 x 8 x 30 mm? has white noise about 2 pT /+/Hz and can work up to
4 kHz; second, a micro-fluxgate designed by CEA LETI in 2005 with dimensions
1mm x 400pum x few um etched on Silicon has white noise about 1 nT /v/Hz [30, 31].
By simple comparison between the thermal noise of these two examples, we can
conclude that the reducing of fluxgate dimensions undergoes a loss in fluxgate
performances manifested by increasing of noise. The main problem of miniaturized

fluxgates stems from the volume of their coils. The fluxgates show important restrictions
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due to their weight, power consumption and high temperature fluctuations (no thermal

stability).

1.7 Giant magneto-impedances

Magneto Impedance (M) has been discovered in 1930 by Harisson et al in a nickel wire
[32]. Later, in the early 1990s, Panina et al. studied the phenomenon in amorphous wires
and films, and discovered Giant Magneto-Impedance (GMI) [33]. Giant magneto-
impedance (GMI) is due to a significant modification of the impedance of soft
ferromagnetic materials (amorphous or nanocrystalline wires or ribbons) when they are
subjected to external magnetic field. The excitation frequency of GMI is in the MHz

range.

Figure 1.8 shows GMI sensor configuration formed by a simple ferromagnetic wire

crossed by an alternating current:

wire

\ hoe H,,

L2 T——
)
I IG‘.C
0N
_/

Figure 1.8- GMI sensor made of ferromagnetic wire crossed by
alternating current and subjected to an external field H,,

The impedance of conducting wire depends on skin effect § (equation (2-7)), to
geometrical dimensions of the wire a, and to the wire resistance at low frequency R. j
is the complex number according to the relation:
Z=(+)) .R.% (1-9)

The impedance given here is only defined if there is linear relation between current and
voltage. This relation is valid if d<<a. However, ferromagnetic material is non-linear.
The impedance Z is therefore valid only around the operating point [34, 35]. 6 depends
on permeability p, so the GMI impedance depends on permeability p. However, in

ferromagnetic materials, the permeability pu depends to external magnetic field Hy,.
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Thus, when an external field H,,. is applied, the permeability is changed and this change

produces an impedance variation.

GMI has relative impedance variations greater than 600% and relative impedance
variation per mT of 1440 %/ mT [36]. GMI sensors fabricated by AICHI Micro
Intelligent company [37] are unitary assemblies that are composed of amorphous wire
of 20 um at diameter. These sensors are marketed with amplification electronics with
total dimensions of 31 x 11 mm? (Figure 1.9), and have linearity range of 0.6 mT.
Tannous et al. summarized the different physical parameters that maximize the GMI

impedance variation [38].

Figure 1.9- GMI sensor marketed by AICHI Company [37]

Boukhenoufa and Dolabdjian have developed a GMI with a length of 10 mm and white
noise of 100 pT/sqrt(Hz) at 10Hz [39]. This noise range allows GMI sensor to
compete with fluxgates. Traore has fabricated a GMI sensor that has 400 turns of

external coil, 2.5 mm of length, and 20 um of diameter [40]. This GMI sensor has a

white noise about 1.8 pT /VHz at 1 Hz.

Large impedance variations allow to GMI sensors to detect very weak magnetic fields.
GMI sensors have been evaluated by Vacher [41] and by Peng [42] for detection of
small magnetic fields for non-destructive testing application. These sensors show good
performance in detection of buried defects [43]. However, excitation circuit of GMI
sensors should operate at high frequencies (more than 20MHz) that makes difficult their
integration into probes for non-destructive testing. Because of their high sensitivity at
low frequencies, GMI sensors are used for development of magnetic biosensors.
Magnetic biosensors based on GMI sensors are used for detection of magnetic field
variation caused by magnetic microparticles [44]. Chen and al. use GMI sensors to

identify gastric cancer cells [45].
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The weak point of GMI sensor compared to fluxgate is the remanent field effect after
subjecting to strong magnetic fields), because the ferromagnetic core is usually not
demagnetized during sensor operation [26]. Despite the high sensitivity of GMI sensors,
it is shown that the performance of these sensors is limited by the noise level of
electronics, especially in the white noise zone by comparing with GMR and TMR

SENSOrs.

1.8 Hall Effect Sensor

The Hall effect is a part of set of phenomena called galvanometric effect. The
galvanometric effects are observed in solid which undergoes simultaneously the action
of electric field and magnetic induction. Hall effect occurs when a material crossed by

electric current |, is subjected to magnetic induction field B perpendicular to the current

direction (Figure 1.10).
o
v B

—> . >

Ay

Figure 1.10- Principle of Hall effect

In the presence of magnetic field, the charge carriers undergo the Lorentz force and are
deflected during the transient regime. The appearance of surface charges at the top and
at the base of the sample creates an electric field and generates a force, opposite to
Lorentz force. The potential difference, called Hall voltage V appears between the faces
of the sample. It is proportional to the injected current and to the magnetic field. The
sensitivity of Hall effect sensor can be increased [46] by ferromagnetic concentrators. It
increases from 10 mV /T to 1.4V /T. The highest reported detectivity limit of a
combination of Hall sensor with magnetic concentrators is as low as 10 pT [47]. Hall-
effect sensors offer an advantage over a coil for depth penetration structure that requires
working at low frequencies and for spatial resolution. They are cheap and easy to

integrate. They are particularly interesting in terms of linearity and they offer a wide
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range of magnetic field measurement (since there is no saturation). Kejik describes in

[48] an integrated micro-Hall plate sensor with an active area of 2.4 x2.4 um? supplied

by the spinning current and has a white noise of 300 nT /VHz.

The Hall effect sensor has been employed for applications of non-contact switching,
memory readout and current measurements. Ejsing has used this sensor for the detection
of magnetic induction generated by magnetic nanoparticles [49]. Also, Oota has used a
scanning Hall-sensor microscope with an active area 25x25 um? for non-destructive
testing of structural materials [50]. Lee has used these sensors with 0.52 mm spatial

resolution for NDT and crack evaluation of ferromagnetic materials [51] .
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Figure 1.11- Photograph of the linearly integrated Hall
sensors (LIHaS): 64 InSb Hall sensors [51] .

However, Hall sensors present many disadvantages.

1.9 Magnetoresistive sensors

Magnetoresistance effect (MR) has been discovered by William Thomson in 1856 [52].
Under the effect of external magnetic field (H,,), the resistance of MR sensors will be
changed to a new resistance value (R). This magnetoresistance effect (MR ratio) is a
performance index that can be defined. The MR sensors will have a minimum resistance
(Rmin) and a maximum resistance (R,,4,)- The magnitude of the magnetoresistance
effect (MR) can defined as follows with (Ry = Ryeqn in the case of AMR and GMR, and
Ry = Rp,in in the case of TMR):
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There are different types of magnetic sensors like Anisotropic Magneto-Resistive
(AMR), Giant Magneto-Resistive (GMR) and Tunnel Magneto-Resistive (TMR)

sensors. At the beginning, the AMR sensors has been developed to replace coils in hard

MR (1-10)

disks read heads, with the aim of reducing the bit size on the writing media. After the
development of GMR, AMR sensors have been replaced by GMR sensors, and now
GMR sensors are partly replaced by TMRs. Magnetoresistive sensors have many other
applications, such as current measurement, velocity measurement, non-destructive

testing and magnetic imaging.
Anisotropic Magnetoresistance (AMR)

Anisotropic magnetoresistance (AMR) is a generic magnetotransport property of
ferromagnetic metals materials (and their alloys). The anisotropic magnetoresistance
effect, occurs when the electrical resistivity depends on the relative angle 6 between the
direction of electrical current (direction of easy axis) and orientation of the magnetic
field [53] (Figure 1.12). When the external magnetic field is parallel to AMR easy axis,
the resistance R of AMR does not vary, and is still equal to (R,). The AMR effect

reaches its maximum when 6 equal to 90° angle.

—
HEX

external magnetic fields

Easy axis

Figure 1.12-Principe diagram of AMR sensor

The resistance R varies as cos?(8) [54].

R = Ry + AR.cos?(6) (1-11)
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1.9.2

AMR sensors are more sensitive than Hall sensors. The AMR ratio ranging between 1%
and 5 % for permalloy at room temperature [55].This effect can be used to measure the
components of magnetic field vector in the range of 1 nT to 1 mT. Sensitec Company
developed an AMR Fix Pitch sensors for angle and length measurement with accuracy

of 3to 25 um [56]. It is difficult to achieve pT noise values, Zimmermann has presented

AMR sensors that have a white noise of 200 pT /v Hz [57].

Unlike coils, fluxgates, Hall effect and GMI sensors, AMR sensors can be easily
miniaturized and have dimensions smaller than 100um. For example, micro-sensor
arrays based on anisotropic magnetoresistances with size of 16 x 5 um? are designed
for medical applications [58]. AMR sensors of 50 x 20 um?at size are used for NDT
application [59]. Also AMR has been used in pulsed eddy current non-destructive
testing (PEC NDT) [60]. We can also note that AMR sensors are used in the
development of magnetometers that have recently become a built-in feature in most
tablets and smartphones around the globe [61], and for vehicle speed and length

estimation [62].

The response of AMR sensors has the disadvantage of not being linear but a specific
configuration called barber pole where the angle is fixed around 45° is currently used to
linearize AMR sensors. They present a saturation point in mT range and are not absolute
sensors. Also, a very strong magnetic field (~200 mT) [26] can cause a permanent
change in magnetization direction of AMR material, which makes the AMR sensor

unusable.
Giant magnetoresistances (GMR)

Giant magnetoresistance sensors (GMR) have replaced the AMR sensors, as they allow
high storage density due to their high sensitivity and their smaller size. In terms of
resistance variation, the GMR is four to five times higher than the AMR. A giant
magnetoresistance is a multilayer sensor formed by a series of thin ferromagnetic and
non-magnetic layers. The thickness of individual ultra-thin layer can be few nanometers.
The resistance of the GMR reacts with the application of external magnetic field. The
phenomenon of GMR has been discovered by two European Nobel Prize winners [63,
64] in 1988: Albert Fert and Peter Grunberg (Figure 1.13).
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Albert Fert
(1939-2018) (1939-Present)

Peter Griinberg

Figure 1.13- The two discoverers of GMR

The magnetoresistance ratio of GMR may reach up to 50 % [65], typically the sensitivity
of GMR sensors are between 15 and 40 VV/V/T when they are biased with 1 V. The white
noise of GMR sensors is less than 0.5 nT/VHz at room temperature [66]. Specific
technologies integrate GMR sensors with micron-size and are able to achieve fT /VHz
detectivities in the white noise leading the possibility to detect weak biomagnetic signals
[67].

For example, GMR sensors have been used for detection of “Influenza A Virus” [68].

GMR sensors of 75 x40 um? size with white noise level at nT /vHz and sensitivity of
8.5 V/IVIT, are used to estimate the magnetic properties of diluted ferrofluid for
biomedicine application [69].They are widely used in hard disk read heads where they
detect the magnetic coding of the bits. GMR sensors based spin torque oscillators (STO)
with lateral size of 70nm are integrated to CMOS circuit [70]. Figure 1.14 shows an
example of static field mapping realized in CEA SPEC laboratory for Earth Science
application, in particular micrometeorite magnetization mapping. The discovery of
gradient-field GMR sensors makes them interesting for pulsed eddy current testing
method, as the gradient-field measurements give better sensitivity and accuracy in

detection and sizing of hidden corrosion in layered conductive structures [71].
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Figure 1.14- Left: GMR scanning element for magnetic field mapping. SEM picture of a 450um
meteorite collected in Antarctica, Right: Magnetic mapping of the meteorite magnetic dipole.
Coll. Cerege — Jérome Gattacceca [66].

GMR sensors are not absolute sensors and have also a saturation that may limit their

operating range.

We will describe in the following part GMR technology in more details.
1.9.2.1 GMR with spin valve structure

Spin valves are a particular case of multilayered structure [72] composed of a hard layer,

a spacer and a free layer. The nanometric layers are stacked according to the Figure 1.15.

| e NiFe .
Free Layer ~ < > Magnetlcally
o CoFe | soft free layer
Spacer == Cu

CoFe

Pinned Layer ==»

Magnetically
MnlIr || hard layer

Pinning Layer ——»

_—
"
Gap =-=»

Figure 1.15- Example of spin valve GMR [73]

The hard layer has high coercivity. This layer is usually composed of a pinned
ferromagnetic layer and an antiferromagnetic (AF) layer (pinning layer). The small
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external magnetic field to detect has no impact on the AF layer. This AF layer is used
to fix the magnetization orientation of the pinned ferromagnetic layer due to exchange
bias direct pinning. Thus, magnetization orientation of hard layer is fixed. The
magnetization of free layer is easy to orient with external magnetic field. The free layer
is separated from the hard layer by a conductive layer (spacer) that is sufficiently thick
(2-5nm), so that the magnetic coupling between free and hard layers is weak and their
magnetizations are independent. Paragraph 4.5 gives a detailed example of GMR of spin

valve used in our work.
1.9.2.2 GMR effect

To illustrate the principle of the GMR sensors, we consider a configuration composed
by a stack of ferromagnetic layers with parallel magnetization and anti-parallel
magnetization (Figure 1.16). A nonmagnetic conductive layer is placed between the two
ferromagnetic layers in the two cases.

External Magnetic ’

. FM NM FM
Field H,,

T Ry,
Spin T t
Anti-parallel
magnetization l
4
Ry, i

Ferromagnetic layer
(FM): Free Layer

parallel rip rip FM NM FM
magnetization T ! I
(FM): Pinned Layer R:, R,
Substrate
(a) (b) (c)

Figure 1.16- GMR structure: (a) Free layer, spacer and pinned layer Illustration of the spin-dependent
scattering in ferromagnetic materials (FM). The spacer is non-magnetic (NM); (b) The equivalent
electrical circuit with two conducting channels is shown for anti-parallel magnetizations (red) and for
parallel magnetizations (blue); (c) The figures at the top illustrate the trajectory of the electrons in
antiparallel configuration and illustrate at the bottom the parallel configuration .

Electrons have only two possible directions: upwards or downwards. In anti-parallel
configuration (Figure 1.16), electrons are diffused and hence the resistivity of the
structure is high (red case). The spin up and spin down currents pass through each
ferromagnetic magnetization layer opposite to their spin. The equivalent resistance
R.Is:
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R. =" = R/2 (1-12)
In the configuration with parallel magnetization of layers (Figure 1.16), the spin up
electrons pass through structure nearly without diffusion, while the spin down electrons
are strongly distributed (blue case). The spin electron current parallel to the
magnetization vector encounters two resistances R;; while the inverse spin current

encounters two resistances r (Figure 1.16.c). The equivalent resistance R of the
structure is:

Rurin .o, if Ryy > r
B = 2nif Ry >y
Ry + 74y (1-13)

Thus the resistance in the antiparallel state is higher than the resistance in the parallel

state.
1.9.2.3 GMR sensitivity

The GMR sensitivity can be calculated using the sensitivity curve obtained by
measurement of sensor response in homogenous magnetic field. To obtain sensitivity
curve, we put the GMR in the center of the Helmholtz coil (Figure 1.17). Typical GMR
response of a linearized sensor is shown in Figure 1.18.

Stanford

Research: SR560
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Figure 1.17- Measurement scheme of GMR sensitivity.
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The Helmholtz coil is excited by a sinusoidal signal from the wave generator. The

relative variation of magnetoresistance (MR) is calculated according to equation (1-10)

R":R*.Thus, the MR ratio could be defined as follow :

Ry

The sensitivity S;pr (V/T) is the variation of output voltage on the applied field given

MR = (1-14)

by the following equations.

AV AR.i
Semr (V/T) = AD - AH (1-15)
The sensitivity in (%/mT) is:
AR 1
SGMR (%/mT) = E R_ X 100 (1‘16)
0

At following, an example of MR calculation is presented a DC current of 3 mA is
applied to the GMR sensor. This GMR sensor of spin valve type has a resistance of
79.6 Ohms. The resistance variation of GMR as function of magnetic field (H)is linear
in the range [-2 mT ; +2 mT] (Figure 1.18). In this case, R. =81.7 Ohms and
R} =77.5 Ohms. These sensors have MR ratio of 5.2 %. The S¢ g is 6.2 V/IVIT.

82
815 t;
g1k Anti-Parallel |
— configuration
E 805 Cross
o anisotropies
O
5] 4
c —_—
8 795 !
7
H
g 791
785 Parallel
configuration
78 r - -=p
—
775 1 L 1 L L L L L
-250 -200 -150 -100 -50 0 50 100 150 200 250

Field (Oe)

Figure 1.18- Example of GMR response as function of magnetic field
applied along its sensitivity axis
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1.9.3 Tunnel magnetoresistance (TMR)

Another type of multilayer system with resistivity variation as function of relative
orientation of layers magnetizations is the Tunnel Magnetoresistance (TMR) sensor.
Tunnel Magnetoresistance effect has been proposed in 1975 by Michel Julliére [74], and
has been observed in room temperature in 1995 [75, 76]. Contrary to GMR systems, the
spacer is composed of an insulator layer. TMR is a quantum mechanical effect, which
occurs when two ferromagnetic layers are separated by a few atomic layers of insulator.
The transfer of electrons from one ferromagnetic layer to another is done by tunnel
effect. Transmission of electron is possible only if there is a free state with the same
energy and same spin on the other side of the insulator. Yuan [77] and Lee [78] describe

a method of tunneling magnetoresistance (TMR) fabrication. Figure 1.19 shows a

.nm]
weappd (47
Fe bamer(o’o ?0{

M g0 cappi™d

g

typical stack of tunnel junction.

,‘,"9'0 ﬁm;t’ (119
d
7a seed (50

N electrod®
wii $0;

e

Figure 1.19-Typical stack of TMR sensor on thickness of Fe diffusion barrier for double
MgO-based p-MTJ spin-valves with top Co,FegB, free layer [79].

The high magnetoresistance ratio of TMR sensors with MgO barrier (spacer) makes
them very attractive. Tantalum (Ta) layer is an interface layer. The quality of the
interfaces is essential for performance of TMR sensor. MR exhibits a higher sensitivity
and higher signal-to-noise ratio (SNR) compared to Hall sensors and other
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magnetoresistive sensors, including GMR [80]. TMR sensor has greater
magnetoresistance ratio than GMR, especially TMR with MgO junction that can reach
MR ratio up to 1000% [81]. Janeiro describes in [82] a TMR of size 5x20 um?that has

white noise of 13.8 nT /v Hz. Besides high spatial resolution and high field sensitivity,

the TMR sensors have low energy consumption.

TMR sensors are used in non-destructive testing and biomedical applications. Pelkner
describes in [83] the benefits of GMR and TMR sensors in terms of high spatial
resolution testing for different NDT applications. We find the TMR in MRAM
(magnetoresistive random access memory) memory and in read head [79]. Lei presents
in [84] a contactless scanning prototype device based on TMR sensors used in
biomedical application for quantification of Magnetic nanoparticles (MNP) in lateral

flow strips (LFS). Also, TMR sensors are used for nanosatellites space application, with

white noise of 150 pT /v Hz and volume about (25 x 25 x 10 mm3 ) [85].

However, the injected voltage in TMR sensors is limited and the magnetoresistance ratio
of TMR decreases if the injected voltage increases. Despite its higher sensitivity
compared with AMR and GMR sensors, the 1/f noise limits its detectivity and thus its
performance. Also the high coercivity and low linearity of TMR sensors remain a

serious problem [86].

1.10 Conclusion

This chapter presented an introduction of magnetic sensors principles. Table 1 presents

a summary of the main properties of these magnetic sensors.
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Measuring | Detectivity (pT /vVHz)* Dimensions Continuously Frequency (Hz) Measured Material type
range operating quantity
Coil 0.1fT<B<100T 1 at 1kHz for 1cm? > 30x18x100 um3 No 1073 — 10° Derivative of Massive
the flux
Fluxgate 0.1nT<B<0.01T 3at1lkHz >1x1x1 mm3 yes DC — 103 flux Massive
Hall Effect 1uT<B<IT 10° white noise <4x3x1.5 mm3 Yes DC —10° field Thin film
GMI 0.1InT<B<1mT 100 at 1 kHz <5mmx30 pm Yes DC —10* Flux Massive
AMR 1pT<B<5mT 1000 white noise pm size Yes DC — 107 Field Thin film
GMR InT<B<6mT 50 white noise pm size Yes DC — 108 Field Thin film
TMR InT<B<6mT 10 white noise pm size Yes DC — 108 Field Thin film

Table 1: Comparisons of characteristics of different magnetic sensors [34, 54, 87]
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We can compare the magnetic sensors based on two parameters: size and detectivity of
these sensors. The limits related to the fabrication of very small coils, GMI and fluxgate
sensors limit their use in application that need high spatial resolution. For example, we
need high spatial resolution to detect very small defects in NDT and to distinguish

between small magnetic objects for magnetic imaging.

Figure 1.20 shows experimental comparison of detectivity between different magnetic
sensors [34, 88, 89].

Coil: 3mmx=3mmx=1mm
Fluxgate: 17mm=17mm=15mm
GMI: 40pm=10mm
e Hiall: 1 00pmx 20pm
e AMR - 500pm=500pm

GMR: 3um=20pm
TR 3um=20pm

Detectivity (pT/sqrt(Hz))

10_1 1 1 1 L 1
107 10? 10° 10* 108 108 107
Frequency (Hz)

Figure 1.20- Comparison of the detectivity of magnetic sensors : coil, fluxgate,
Hall, GMI, AMR, GMR and TMR sensors

We can observe in Figure 1.20 that the fluxgate and the GMI sensors have a lower noise
level, but have higher size than MR sensors. The micro-Hall sensor is smaller in size
and has linearity response, but is characterized by high noise level. The magnetoresistive
sensors have micron size, and high detectivity independent of frequency in the white

noise, that make them more effective at small scale.
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For applications in NDT and micromagnetic imaging, we need a micron-size spatial
resolution with high detectivity, so the best tradeoffs between magnetic sensors are MR
sensors. With simple comparison between AMR and GMR sensors, we can conclude
that GMR sensors are the best for our application in terms of thermal noise and operating
frequency range. The high 1/f noise of TMR sensors at low frequencies limits their
interest compared to GMR and they are more difficult to process. The tradeoff between
spatial resolution and the noise level justifies the choice of GMR technology for the

development of probe using in NDT and magnetic imaging (micromagnetic scanning).
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Chapter 2. Non-destructive testing

2.1 Introduction

We will describe in this chapter some NDT methods and their application limits. We
will consider the performances of eddy current method. One of the objectives of this
work is to develop eddy current probe based on magnetoresistive sensors for detection
of surface and subsurface small defects in conductive materials. Finally, we will present
in the conclusion of this chapter a study, that show more specifically the choice reason
of the GMR sensors between the MR sensors to replace coils for eddy current non-
destructive testing (EC NDT).

2.2 Non-destructive testing

NDT (non-destructive testing) methods are based on different technologies enabling to
guarantee structure and product reliability. They are essential in many industrial sectors,
including transportation, automotive, petrochemical, nuclear and aircraft industries [90,

91]. NDT is used in industry from the beginning of the 20th century.

Figure 2.1- Non-destructive testing in the aerospace industry [92]

In general, NDT methods have the same principle which can be described down into
four steps:

- An excitation energy emits signal in the controlled part: electromagnetic or
acoustic waves;

- Aninteraction is created between the controlled part and emitted signals
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- Receiver that receive the signals resulting from these interactions.
- Acquisition system in order to interpret the received signals and to deduce the

properties and the state of the part.

In the following, we present a general review of some techniques used in NDT, and we

will detail eddy current method.

2.3 Optical methods

Visual inspection is widely used in NDT. To control surfaces that are inaccessible to
direct vision of operator, many optical instruments like endoscope and stroboscope are
developed to increase the performance of the eye or more generally to give the
possibility of surface control. However, the non-automatic optical methods have limits
related in particular to the tiredness of operator. Thus, fully automatic optical control

equipment has been developed.

Another optical method is shown in Figure 2.2. This method is Optical Holographic
technique used for non-destructive testing of materials (HNDT). The method is used to
detect small displacement of material surface. A surface or near-subsurface defects
could be detected due to surface displacement changes. Holography creates a three-
dimensional image of an object having arbitrary shape. HNDT allows to detect and to

measure deviation and dimension of the target [93, 94]

Optical holography for surface deformations

Half-sitbvered Specimen
mirror .

Lenses —

Coherent ____x”

Reference T
beam R
-

[ ( Holographic plate

Interferametric pattern an a film

Figure 2.2- Optical instrument for surface deformations [94]
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2.4 Penetrant Testing

Non-destructive testing by Penetrant Testing (PT) is the oldest NDT method as its first
application would date to the end of the 19th century. PT is a low-cost inspection method
and it is widely used to localize surface-breaking defects in all non-porous materials
(metals, plastics or ceramics). The piece is subjected to the action of a penetrating liquid
(or gaz). The physico-chemical characteristics of this liquid allow it to penetrate inside
the cracks of specimen. Its application is done either by immersion or by spraying. PT
method allows the detection of the discontinuities on the surface of controlled piece in
the form of colored or fluorescent indications, observed on a white background or on a
black background. The control of PT method is performed under artificial white light or
daylight (colored bleeding) or under ultraviolet radiation (UV-A). The drying time,
"dwell time", is the time to soak into cracks (generally 5 to 30 minutes). The dwell time
mainly depends on used penetrant, material under test and the size of cracks sought [95].
Figure 2.3 presents an example of penetrating testing steps. PT is widely used for
inspection ensuring surface flaws detection in large areas and structures with complex
shapes. However, this method is highly polluting and is highly dependent on human

interpretation of results.

A S

A. Penetrant applied to the surface and B. Excess penetrant removed from surface
enters defect
MY,

. O

C. Developer powder applied to draw D. Accentuated indication of crack as
penetrant out of crack penetrant spreads around the opening

Figure 2.3- The four steps of PT technique

2.5 Magnetic particle inspection (MPI)

Magnetic particle inspection is method of detection of surface defects in ferromagnetic
materials. Magnetic flux is created in the material and in the presence of defect the flux
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leakage will be created. To detect this flux leakage ferrous particles are applied to the
part under test (like in penetrant testing). If there is no flux leakage thus there is no
defects in tested part, particles distribution is homogeneous. In the presence of flux
leakage, ferrous particles are attracted to this zone and form an indication of the defect.
MPI is very attractive for surface defects detection however it has the same limitations

as penetrating testing in terms of detection and pollution factors.

2.6  Ultrasonic testing

Ultrasonic testing (UT) exploits the propagation properties of ultrasonic waves
(transmission, reflection and absorption). It consists of emission of acoustic waves in
controlled piece and analyzing the echo returning from this piece. The sensors are

composed of one or more transducers acting as transmitter or receiver (Figure 2.4).

Transducers Transducers
Transmitter Receiver
v N\
T
= =0
= .
dy = da

)

Piece

Figure 2.4- Shema of Ultrasound Principe [35]

Three types of transmitters are used to generate ultrasound signal: piezoelectric
generators, magnetostrictive transmitters and electrostrictive emitters. Receiver
transducer is located in generally on the same side as transmitter. The emitted acoustic
wave encounters various elements on its path like background of the piece and defects.
This reflected wave is received by the receiver transducer with some delay due to the
propagation of wave across the piece. If the velocity v of wave propagation in the
material is known, it allows to distinguish between the echo from the bottom of the piece
and the echo from a defect located inside the piece. The propagation time 8t of the
reflected wave from the defect depends on the distance between emitter and target ‘d,’
and on the distance between receiver and the target ‘d,’. t is expressed by the following

equation:
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UT technique allows to locate or to characterize the defect. Also thickness measurement
could be realized. There are other techniques in ultrasound to improve the detection and
characterization of objects like for example phased array [96]. Binder layer (water, oil)

Is needed to be applied between transducers and controlled piece [97].

2.7 Radiography

Radiography method could be applied to all solid materials, which thicknesses vary
from few micrometers to several hundred millimeters, taking into account the nature of
controlled medium and nature of radiation. Radiography could be defined as a cross-
sectional 2D imaging technique that aims to create the image of a solid object from the
set of its projections [98]. The interest of this method is the identification of internal
defects. Radiography method consists of emitting electromagnetic radiation of short
wave length like X-ray or y-rays in the piece. Photons energy will be partially or
completely absorbed inside the piece. The receiver on the other side of controlled piece
will detect the photons. Sensitive films, fluorescent screens or CCD detectors could be
used as receiver. Obtained images can be directly interpretable, have good spatial
resolution. For X-ray imaging (Figure 2.5), we can get the projections by directing an
X-ray beam to the object from different orientations and measuring its intensity
attenuation during the traversing of X-ray in the object. Images with good resolution

could be obtained, however important safety requirements should be applied.
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Figure 2.5-Example of uses of Radiography method [99]
2.8 Magnetic flux leakage

Magnetic flux leakage method is a technique used for corrosion and pitting detection in
steel structures. A magnet is used to magnetize steel. Magnetic flux is created in material
under test. If there is no defect, flux lines will pass through material. In the presence of
a defect or corrosion, magnetic leakage field will be created in the area of a defect. This
magnetic leakage field is detected by magnetic sensitive sensors (Hall sensors, GMR

sensors) placed between the poles of magnet.

2.9 Eddy current testing

Eddy current technique has been discovered by the French scientist Jean Bernard Leon
Foucault in 1855. This method is used since 1926. Eddy current testing (ECT) is a
magnetic method used to detect surface and sub-surface flaws in conductive materials
[100]. ECT is based on the interaction between magnetic field source (emitter coil), the
test material (piece) and receiver (magnetic sensor) [101]. The induced current density
depends on applied current, on geometry and dimensions of excitation coil [102]. Eddy
currents are created in conductive material by emitter. The emitter is in general a coil
traversed by excitation current I,.,, which produces a magnetic field variable in time

determined by Maxwell equations:
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TotH = [+ —— 2-2
rotH = | + T (2-2)
divB = (2-3)
b = _ 0B (2-4)
ot
divD = p (2-5)

E and H are respectively the electric and the magnetic fields, D and B - the electric and

magnetic inductions, f - the surface density of electric current and p - the density of

electrical charges.

The variable magnetic field will create eddy currents in conductive material. According
to equation (2-4), these eddy currents have same frequency as the excitation current and.
The induced currents circulate locally in the material (Figure 2.6) and have spatial
distribution that depends on excitation magnetic field, electrical conductivity o,
magnetic permeability u of the examined piece. In the presence of inhomogeneity like
defect or inclusion, physical properties (conductivity and permeability) are changed,

eddy current lines are deviated and reflected magnetic field will be changed.

Excitation
Coil

Sensors

Piece (o,1) /
/

Eddy Reflected
current magnetic field

Figure 2.6- Principle of eddy current generation [35]

Receiver detects this reaction magnetic field resulting from the interaction between the

induced currents and the excited material (piece).

Eddy current distribution
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The distribution of eddy current is not homogeneous at different depth and is governed
by the Maxwell equations. The intensity of eddy current in conductive material
characterized by electrical conductivity o (S/m) and magnetic permeability u(H/m),
decreases with the depth z (m). In the case of infinitely thick piece with a flat surface,
the current density along z-axis J,(A4/m?) excited at frequency f(Hz)is expressed by
[103]:

J.(z,t) = Joe A™H cos(wt — z\[nfuo), (2-6)

where J, and w are respectively the maximum of current density at piece surface, and
the pulsation of induced currents. According to equation (2-6), if the depth z increases,
the current density decreases. This decreasing of current density as function of depth is

shown in Figure 2.7.

2

Figure 2.7- Evolution of current density as function of piece depth
(2) in the case in the case of plane wave excitation [104].

The penetration depth § (m), also called skin depth is the depth at which eddy current

density decreases to the level of 37% of its surface value J, [105]. This skin depth is

1
5=/nfau (2-7)

The magnitude o allows the estimation of appropriate excitation frequency according to

defined as:

material electromagnetic parameters.
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Figure 2.8 shows the evaluation of skin depth against frequency for different materials.
At low frequencies the penetration depth is more important, thus for buried flaws
detection low frequencies should be used, whereas for surface cracks with low
penetration depth high frequencies should be used. Working frequencies of EC
technique are from 10 Hz to 10 MHz. At low frequencies, the amplitudes of eddy
currents are low, at high frequencies capacitive effects of inductive part will influence

the measurement.
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Figure 2.8- Evolution of skin depth against frequency for different materials

Receiver in eddy current

EC probe is composed of an emitter consisted of a coil and a receiver consisted of
magnetic sensors. Inductive sensor (coils) could operate in emission-reception mode
and in emission-reception separated mode. Other magnetic sensors could be used as

receivers to increase the performances of EC probes.

Magnetic sensors and their performances for ECT have been reviewed in the Chapter 1.
Figure 2.9 presents an example of MR array sensor based probe developed during
IMAGIC project [106]. This project has been focused on the development of the probes
with MR sensors as receivers with miniaturized electronics for detection of buried

defects and small surface defects. Double coil has been chosen as emitter for buried

37



flaws detection, receiver array is formed of 32 GMR sensors. For surface cracks
detection GMR and TMR array sensors of 32 and more elements have been fabricated.
One wire emitter has been used for this application. Higher performances of GMR and

TMR sensors in comparison with inductive sensors for detection of small surface defects
have been shown.

Figure 2.9- Photo of the IMAGIC MR probe for buried flaws detection [107]

2.10 Conclusion

This chapter introduces different NDT methods. In particular, we present in details the

eddy current method. Table 2 presents a comparison of the main NDT techniques:

Physics Type of controlled material Strong point Weakness
principle detected defect
Optical Forming an surface all rapid Fine defects
method image detection
Penetrant Capillarity surface defects all except porous global method, Productivity, Little
Testing effect simplicity quantitative
Ultrasound Disturbance Surface/buried all defect sizing Coupling
of ultrasound flaws
wave
Radiography Flow surface/buried all defect sizing safety requirement
attenuation
Eddy currents Current Surface and Conductive material

perturbation

subsurface
defects

defect sizing

Interpretation,
sensitive to defect
orientation

Table 2: Comparison of the main NDT techniques [96, 99, 100, 101, 108]

EC technique is a method that is widely used for defects detection in conductive
materials. It also could be used in order to partially replace the polluting methods like
penetrating testing and X-ray inspection. Nowadays EC inspection is undergoing the
change in order to answer to industrial specifications in terms of product quality. The

aim is to detect very small (<100um) surface cracks and deep buried flaws (under
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several mm). In order to overcome the limits of conventional winding coils classically
used in ECT in terms of detectivity at low frequencies and micro-coils fabrication limits,
magnetic sensors have been investigated since several years as receivers for EC probes.
Moreover, several components of magnetic field are needed to be measured for defects
characterization. Oka et al. introduced EC probe using 3-axis measurement coil to
characterize the shape of detected defect [109]. This probe has limitation due to its large
size. During this PhD thesis 3D GMR based EC probe has been developed for detection

and sizing of small surface cracks. This probe will be detailed below in Chapter 4.
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3.1

Chapter 3. Magnetic Imaging

Introduction

The second application of our probe is in micro-imaging application. This chapter will
explore state of the art of local and non-local microscopes for magnetic imaging as well
as weighing up their advantages and limitations. We will present more in detail the
optical magnetic microscopy, because its spatial resolution is comparable to the 3D

probe.

3.2 Microscope for magnetic imaging

By definition a microscope is an instrument allowing the visualization of small objects
that are difficult to see by the naked eye. Microscopy probes allow surface mapping and
the extraction of reveal properties like topography, electronic density, interaction force,
tunnel current etc. The major types of microscopy (optical, electronic, near-field ...) are
similar in their basic principle, it is an analyzing result obtained by an interaction
between an object and an energetic radiation. On the other hand, these different
techniques are distinguished by their spatial resolution level (some Angstroms for near-
field microscopy, 250 nm for optical microscopy) and by their magnification capacity

(about 1000 for optical microscopy, about 100,000 for electron microscopy).

Microscopes can be classified as follow: microscope that takes directly an image of
sample (wide field optical microscopes and transmission electron microscopes) or not
directly by scanning the sample to be analyzed via a scanning point (confocal optical

microscopes, scanning electron microscopes and scanning probe microscopes).

Scanning magnetic microscopy [110], scanning Hall probe microscopy [111, 112],
scanning superconducting quantum interference device microscopy [113], Lorentz
transmission electron microscopy [114], Kerr microscopy [115], and others are used to
study magnetic structure and small magnetic elements in many domains [116, 117, 118]
Scanning techniques offer a good spatial resolution (nanometric) and good magnetic
resolution (for example up to femtoTesla for SQUID [119] and about microTesla
resolutions for Hall probes [120]). But, these techniques don’t allow the rapid
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acquisition of entire sample surface images. Microscope that takes directly an image
(global microscope) has fairly poor spatial resolution compared to a scanning
microscope. This resolution of microscope depends on the size of sensors used and also
of the distance sensor-sample. For example, Magneto-optical (MO) imaging have

spatial resolution at micrometer range, and magnetic resolution in the order of 0.1mT.

Table 3 shows a comparison of microscopy:

Measured Lateral resolution Physical Quantity
technique (nm)
Lorentz microscope Electron 10nm stray field
Spin-polarized scanning Transport atomic resolution Spin polarization
tunneling microscopy of sample
(SP-STM)
MFM (Magnetic Force Magnetic Force 10 stray field
Microscopy)
SMRM (Scanning Transport micrometers stray field
magnetoresistance
microscopy)
Garnets films, Kerr Optical Sub-micrometers Stray field /
magnetization
Nitrogen Vacancy (NV) Optical ~50 stray field
centers

Table 3- Comparison between different types of Microscopy [121, 122]

Finally, the efficacy of different microscopes techniques depends on application domain
and their limits in terms of spatial resolution and field sensitivity. In the following, we

detailed some microscopy cited in Table 3.

3.3 Transmission electron microscopes (TEM)

The transmission electron microscopes (TEM) has series of electromagnetic and
electrostatic lenses to focus a high energy beam of electrons on a sample. In the TEM
microscope, to produce an image, the electrons pass through the sample, analogous to
basic optical microscopy [123]. This microscope can attend a resolution of 0.1 nm. It is
very efficient to help researcher in cancer research, virology, materials science as well
as pollution, nanotechnology and semiconductor research. For example, it allows to
obtain three-dimensional views of the virus (20-300 nm) and the DNA (2 nm in width)
samples [124]. The Lorentz microscopy based on TEM is a useful tool to get information
of both physical structure and micromagnetic structure of the thin samples at nanoscale.
It allows exploring the magnetic properties of the specimen. There are two modes in

Lorentz microscopy: The Fresnel mode, and the Foucault mode [125].
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The specimen should be less than 100 nm thick, so the electrons can pass through it.

This thickness limitation is the main drawback of TEM microscope.

_ Easy axis

Figure 3.1- In situ TEM study of magnetization reversal in Co801r20 film: Fresnel images in a hysteresis
sequence on the hard axis in plane of the film [126].

3.4 Local probe microscopy

Local probe microscopy has become an essential research tool in the last few decades,
particularly in the development of nanotechnology and semiconductor. Local probe
microscopy has started with the invention of tunneling microscopy (Binnig, 1982 -
Nobel Prize in 1986), and the atomic force microscopy (Binnig, 1986). The principle
function of this microscopic technique consists of scanning the surface using a probe
(tip) placed to the proximity of the surface and measuring the interaction between the
probe and the surface of the specimen. It exists currently a variety of scanning probe
microscope able to detect diverse properties as the stray field emitted by a magnetic
sample (MFM), ferroelectric properties (PFM)...

The atomic size of the tip (the tip is ideally a cone ending by single atom) allows to
obtain atomic size resolution images, which not possible with traditional microscopy.
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34.1

One difference between atomic force microscopy and competing technologies such as
optical microscopy and electron microscopy is that AFM does not use lenses or beam
irradiation. Therefore, it does not suffer from a limitation in spatial resolution due to
diffraction and aberration. The local microscope allows obtaining indirectly the image
thanks to the interaction between the tip and the surface. Image obtained by the local
microscopy is put together by slowly scanning sample surface. Scan areas range from a
few to 200 micrometers. In local microscopy, piezoelectric scanning moves the sample

in an X, y and z directions, wich allow to precise sensor-to-sample distance.

Scanning Tunneling Microscopy (STM)

Scanning Tunneling Microscopy (STM) discovered by Binning measures surface
electronic states using a tunneling current between the probe tip and a sample surface.
The tip is formed by one single atom at its extremity. The distance between point and
sample is few Angstroms (Figure 3.2). The electrons are forced to pass from the tip to
the conductive sample through the insulating layer composed by air or vacuum and are
measured by an "ammeter”. The electric current is therefore a "tunnel™ current that
decreases exponentially with the distance between the tip and the specimen. STM allows
determining the morphology and the density of electronic states of conductive or semi-
conductive surfaces with atomic spatial resolution. Among STM microscopy, the spin-
polarized scanning tunneling microscopy (SP-STM) can provide information on
magnetic domain and electronic structure with extremely high spatial resolution. SP-
STM is sensitive to magnetic local density of states of the sample surface, the spin

polarization of the magnetic surface.
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3.4.2

Point Tip Atoms

movement
Magnetic
Tip Atoms
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Electric current by
tunnel effect
Sample Magnetic Surface Atoms

»

Direction of scan

Figure 3.2- Schematic view of an STM (left part) Schematic illustration of the
SP-STM method [127] (right part)

We show in Figure 3.2 (right part) that the tunneling current depends on the relative

magnetization orientations between tip and sample spins.

The major limitation of STM is that the technique is only efficient for conductive
samples, in particular for applications in semiconductor physics and microelectronics
[128, 129]. Historically, this technique served as the groundwork for the subsequent

advancement to Magnetic Force Microscopy (MFM).

Magnetic force microscopy (MFM)

Binnig has continued innovations of local probe instruments in 1986 by demonstrating
the ability to scan the surface of the sample, whether it is conductive or not. A new
microscope named Atomic Force Microscopy (AFM) allows the measurement of forces
between the surface of the sample and the tip [130, 131, 132]. AFM allows the analysis
of all types of surface of materials in air, in liquid medium or in controlled atmosphere.
Depending on the forces in presence, the AFM can take images of different physical or
chemical surface information such as: mechanical, magnetic, electrostatic properties,
etc. Atomic force microscopy provides the topography of a surface of about:
50 x 50 pm?, with vertical resolution less than one nanometer and lateral resolution of
the order of nm [131].
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The tip is placed in the end of a flexible cantilever, which acts as a spring (Figure 3.3.a).
The deflection and torsion measurement by optical or tuned fork technics of the
cantilever allows the measurement of forces between the tip and the sample (Figure
3.3.0).

1000 nm electrostatic force

[
\ 1
\ , 100 nm magnetic force
\\ Tip ending ! 8

\ U

10nm Vander Waals

force
1nm chemical force

\

Interaction 0,1 nm exchange force
( ( 1 ) forces 0,01 nm Repulsive forces

[e]e] QOO Surface

(b) (c)

Figure 3.3- Atomic force microscopy principle (a) Tip form (b) Long- and short-range (interatomic)
forces dependent of various distance (c) [131, 133]

The choice between atomic microscopy types depend on the nature of controlled

samples and the predominant forces between the tip and the sample.

The Magnetic Force Microscope (MFM) is a variation of the AFM. MFM has the same
form of AFM microscopy, but the tip is coated with ferromagnetic deposit (FeNdB,
CoPtCr, CoZrNb, Co or Ni). Magnetic force microscopy (MFM) has been widely
discussed in literature [134, 135, 136] as it is one of the most used techniques for
magnetic field mapping to measure weak forces. MFM leads to magnetic interactions
between the tip and the stray filed emitted by the analyzed sample. MFM is used to study

magnetic domains smaller than 100nm [137].

Figure 3.4- MFM images of Co sample with wire width 150 nm with gold electrodes on top, with I—
and I+ indicating the direction of current flow [138]
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3.4.3

344

One of MFM'’s disadvantage is the difficulty of extracting direct quantitative
information from images as the signal is proportional to emitted field gradients and is
strongly dependent of the magnetic tip properties. In addition, forces of the sample
topology can interfere with magnetic force signals. In addition, the response frequency
in MFM microscopy is limited by the mechanical resonant frequency of the force sensor
[136, 139, 140].

Scanning magnetoresistance microscopy (SMRM)

MFM does not deduce the magnetic field value because it is difficult to analyze
quantitatively the field detected by traditional MFM. The integration of self-sensing
cantilevers based on Hall effect sensor, SQUID or magnetoresistive sensor (MR) in
atomic force microscopes propose a solution to overcome these issues [141, 142, 143,
144]. Scanning magnetoresistance microscopy (SMRM) [145, 146] provides
quantitative measurement with high spatial resolution of the magnetic fields emanating
from sample surfaces. SMRM have been achieved micrometer and sub-micrometer
resolutions on magnetic nanomaterials by attaching a commercial read and write head

of conventional hard disk drives on a raster scanning setup [147].

Relatively, the local microscopy has short lateral scanning range (order of hundreds
micrometers). The mechanical motors used in scanning magnetoresistance probe
microscopy allows users to perform a fast, high resolution mapping of magnetic field.
The magnetoresistance probe microscopy allows to overcome the limitations of short
lateral scanning range of local microscopy. The scanning volume of this type of
microscopy is more than ten centimeters to the detriment of sensor-to-sample distance

controlled, so it is not able to precise exactly the sensor-to-sample distance [148].

Nitrogen Vacancy (NV) centers

Scanning probe microscopy using an artificial atom Nitrogen Vacancy (NV) situated in
a diamond (Figure 3.5) is suitable for physics, chemistry, life sciences, earth and
planetary sciences. The NV center has proved that it can be integrated in a local probe
microscope for magnetic field imaging [149, 150]. Some of its key advantages are its
high spatial resolution and high sensitivity to magnetic field. NV is a nitrogen-gap pair

in @ monocrystalline carbon. The photoluminescence emitted by the NV exhibits a
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strong variation when it is excited by a resonant radio-frequency field. In the presence
of magnetic field along the NV axis, the resonant frequency varies about 100 MHz per
10 Gauss (10 Oe). This variation is linear for fields up to 100 Gauss. These properties
are known and are already used in several ways, but a true magnetic microscope using
them did not exist yet [151]. This type of microscope is based on AFM microscope. A
single diamond with a size of 20 nm is glued to AFM tips. The spatial resolution by this
microscope is about 100 nm [151]. It allows quantitative and non-invasive
measurements of a magnetic field at ambient conditions, by the calculation of shifted
resonant frequency. The disadvantage of this microscope is that the calculation is non-
direct. Furthermore, it is less efficient than the microscope based on magnetic sensors
when dynamic pressure is applied.
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Figure 3.5- Example of NV-center Nanodiamond used for thermos dynamic
application [152]

3.5 Optical Microscope

The first and most common microscope invented is the optical microscope, which uses
light to pass through a sample to produce an image. The optical microscope is an optical

instrument containing a system of lenses producing an enlarged image of a sample
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3.5.1

placed in the focal plane. Optical microscopes have refractive glass (occasionally plastic
or quartz), to focus light on the eye or onto another light detector. The spatial resolution
limit of optical microscope is 250 nm [123]. Recently, CMQOS or charge-coupled device
(CCD) technology sensors similar to those used in a digital camera, are integrated to
optical microscope to view directly the object through the eyepiece to obtain digital
images. We present some types of optical microscopes for magnetic imaging like
Magneto-optical devices based on Garnets films.

Magneto-optical devices based on garnets films

Past research has been devoted to exploiting magneto-optical properties of
ferromagnetic material. Magneto Optical Imaging film (MO) determines locally and in
real time the distribution of magnetic field. Magneto-optical (MO) effects result from
the interaction of light with magnetic material. This interaction is undertaken to modify
the polarization state of light. Magneto-optical devices have been conceived from garnet
films due to their excellent MO properties (large Faraday effect), and used in a range of

applications in nanophotonics, integrated optics, communications and imaging [153].
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Figure 3.6- Schematic drawing of the Faraday effect. The sample is illuminated by linearly polarized light.
Polarizer and analyser are set in crossed position. The light enters the magneto-optically active layer (MOL)
and is reflected at the mirror layer. In areas where no flux is present in the sample, no Faraday rotation takes
place hence these regions stay dark in the image. In all areas where flux is present, the Faraday rotation
changes the polarization plane so that this light is able to pass through the analyser thus leading to bright
areas. In the drawing, a reflection angle #0O is shown lor clarity whereas in the experiment we have
perpendicular incident light. [154]
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The Kerr magneto-optic effect has been used to extract information of materials
magnetization [155, 156]. The magneto- optic Kerr effect have been using to develop
several scanning Kerr microscopies that have submicron spatial resolution [157].
Garnets are magnetic materials which present a strong Kerr effect more than scanning
Kerr microscopies , and this why they are used (Figure 3.6). When crossing an optically
active medium, the plane of polarization of light rotates under the action of external
magnetic field (Figure 3.6). During a double crossing of the optical active medium
(garnets) by the light, the magneto-optical effects are added. This property is exploited
in MO imaging, which proceeds by the analyses of the light reflected by the garnet put
in contact with the magnetic layer to be analyzed [158, 159]. If UV or blue range visible
light sources are used, sub-micron spatial resolutions can be attained [160]. Figure 3.7

shows two examples of MO images.

E - distribution

Figure 3.7- Magneto-optical images used to calculate distribution of electric field at 4.2 K in the superconductor.
The image shows such distributions for a YBCO film with a grain boundary [161]

There are two main types of Faraday effect garnets used for MO imaging:

e Europium, EuS and EuSe garnets are used at low temperature (T < 20K) [162],
and have a measuring range of several Teslas.

e YIG (Yttrium Iron Garnet) garnets have a strong Faraday rotation (3.8°/cm/kOe)
and can be used at temperatures from 4 K to 300 K. On the other hand, the

measuring range is only a few thousands Gauss.

Typical detectivity of a Garnet film is few uT.
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3.6 Conclusion

Magnetic microscopies like MFM (Magnetic Force Microscopy), EFM (Electric Force
Microscopy), and CFM (Chemical Force Microscopy) are local microscopies [163].
They have high spatial resolution (into nanometer range) and field sensitivity. In
general, MFM does not deduce the magnetic field value because it is difficult to analyze
quantitatively the field detected by traditional MFM. The integration of self-sensing
cantilevers based on Hall effect sensor, SQUID or magnetoresistive sensor (MR) in

atomic force microscopes propose a solution to overcome these issues.

The local microscopes mentioned above are used to scan small surface. The ability to
detect and map the magnetic field at nanometer scale is essential in many areas of
science. The disadvantage of MFM is the unsuitability of measuring samples for big
magnetic fields with micrometric and millimeter surfaces. Many probes are developed
to evaluate magnetic properties in large area of samples [164]. For example, the
magnetic field microscopy of rock samples using a giant magnetoresistance [73]. The
3D probes developed during the PHD (will be described in Chapter 4) aim to evaluate
magnetic properties in large area of samples. The use of high sensitive sensors such as
GMR sensors can improve the magnetic field sensitivity with high spatial resolution
(into the micrometric range). The GMR sensor has a high field sensitivity for DC field
detection without the need of any external bias magnetic fields, and ensures quantitative
magnetic field measurements. GMR sensors can also be used in detecting of AC signals
in wide frequency ranges up too few GHz. The 3D probe developed in this thesis has a
spatial resolution compared to that of optical microscopy. In addition, this probe has

bigger measured magnetic range than the MO microscopes described above.
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PART 2: 3D PROBE AND APPLICATIONS FIELDS
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4.1

4.2

Chapter 4. 3D PROBE

Introduction

Many studies have already used the characteristics of magnetic sensors to improve the
performance of scanning magnetic probes [34, 41, 165]. The majority of oldest probes
are sensitive to two components of magnetic field at maximum. Oka et al. has introduced
a 3D EC probe using 3-axis measurement with coils allowing to detect simultaneously
three field components, however detection cannot be realized at the same measurement
point [109]. The probes developed during this thesis allow to complete and to improve
the results obtained through these previous works. In this chapter, we will demonstrate
the viability of using four orientations of GMR sensors to develop a 3D probe allowing
simultaneously reconstruction of three components of magnetic field at the same
measurement point. Different types of GMR sensors have been used for the 3D probe
developing. The first GMR sensor has sensitivity of 19 V/V/T and has a maximal
working field up to £15 Oe. The second type of GMR sensor has a larger magnetic range
than the first one to the detriment of its sensitivity. This sensor has sensitivity of
3.5 V/VIT and it has a maximal working field of £200 Oe (= 20 mT). These 3D probes
are interesting for magnetic imaging of magnetic objects with arbitrary shapes, for
evaluating of magnetic properties with micrometric spatial resolution and they are
interesting to detect small variations of magnetic field caused by imperfections in the
wires or magnetic materials. Also, eddy current excitation combined with our 3D

receiver probe offers new advantages to characterize and detect the defects.

In this chapter, we will give the description of 3D probes. The reconstruction method of
three components of magnetic field at the same measurement point will be also
described in this chapter. We report in detail the characteristics of the GMR sensors used
in developing of the 3D probes: stack, sensitivity, noise measurement and detectivity.
We will start by the description of electronic circuit associated to the 3D probes for

signals amplification.
Electronic Circuit

We have developed an electronic circuit composed of three parts described in Figure

4.1. This electronic circuit is based on a very low noise instrumentation preamplifier
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adapted to the resistance range of our GMR sensors, typically about 80 and 200 Ohms.

The electronic circuit is used for each GMR sensor, thus we use four electronic circuits
for each probe.

Alimentation
circuit

+
Full bridge
circuit

Output
Voltage Signal

Figure 4.1-Electronic circuit

The first part is used to feed the circuit (Figure 4.2). To avoid electrostatic discharge,

the power supply is not connected directly to the GMR. With ‘V+’ is DC voltage, the

Regulator “1” fix the input voltage “ V;,, ”” to 9V. The Regulator “2” fix the input voltage
to -9V.

v+ +V
Regulator 1 Regulator 3
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Figure 4.2 Alimentation part of electronic circuit
The output voltage V, at “Regulator 3” in Figure 4.2 is equal to:

Vo = Vrer (1 4+ B4/g) + R4. 1y, (4-1)
The Wheatstone bridge configuration in which the GMR sensor is inserted (Figure 4.3)

is used to remove the DC component. The diodes are used for circuit protection, by

diverting the discharge current into circuit supply circuit rails [166]. We relied two
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diodes in parallel to GMR (each one has inversed orientation of the other). Thus, the
lower resistance of diode allows better power dissipation. We choose the value of
R2 =R3>10 x R;yr, to ensure that the current is the same in both branches of the

bridge. The voltage at GMR sensor Vi, is equal to:

Vo.R
VGMR — J0-"GMR (4_2)

+9V

Output

Voltage Signal

-9V
Figure 4.3- Full bridge circuit relied to INA103

The full bridge is associated with low noise preamplifier “INA 103" to increase the gain

of useful signal. The INA 103 is fed by the out of regulators “1 and 2” (£ 9 V). The
noise of “INA 103 is of 1.2 nT /v Hz for a gain of 500. The output voltage signal V,,; is

equal to :
Vemr = Ginaroz - (VT =V7) (4-3)

With Gy 4103 1 the INA103 gain.
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Figure 4.4- 3D probe with electronic circuits

4.3 Experimental set-up
4.3.1 Experimental set-up for DC signal

Stanford
Research: SR560
4 nV/VHz input noise

Signal 03Hz 3 khz System

DC Electronic

Voltage Circuit
3D probe

"DC " magnetic
field \
| TR

| Sample |

Figure 4.5- Experimental set-up for DC signal.

Experimental set-up consists of test desk, where the sample can be moved horizontally
along the X and Y directions. The distance between sensor and sample is set by moving
the sensor vertically down until contact. The output voltage of the preamplifier is
connected to a commercial voltage amplifier. This low noise amplifier has 4 nV/\Hz
input noise, 1 MHz bandwidth and variable gain from 1 to 50,000 with filters used to
reduce the noise intensity. For DC signal measurement, we use low-pass filter (LPF) at

30 Hz to avoid 50 Hz electrical network perturbations. We use a typical additional gain
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4.3.2

of 20, resulting in a total chain gain of 10000. The results are displayed on a PC using

an acquisition system (Figure 4.5).

Experimental set-up for AC signal

The experimental set-up used for AC signal measurement (Figure 4.6), is comparable to
the experimental chain used for DC signal measurement. We add a frequency generator
to excite the emitter and the output signal is demodulated by a “SR830 DSP Lock-In
Amplifiers” that simultaneously displays the magnitude and phase of a signal. A Mux
(multiplexer) is used to select the signals received by the sensors. “SR830” uses digital
signal processing (DSP) to replace the demodulators, output filters and amplifiers found

in conventional lock-in and has a noise about 6 nV/vHz.

f1
Output Voltage SR830 Lock- Acquisition
Signal In Amplifier Card
DC +
Voltage G ® 3D probe
/
Current foil Current foil

f[——u —X D<), <] D

Frequency \T r AC magnetic field

Generator Test Sample

Figure 4.6- Experimental set-up for AC signal.

4.4 Description of 3D probe formed by four GMR

Figure 4.7 shows the details of three axis probe based on GMR sensors. Four GMR
sensors are fixed on mechanical support in order to reconstruct the three components of
magnetic field. Each of these sensors is oriented at 45° one in front of another. The
support has been fabricated by 3D printer by Gerald Le Goff.
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Electronic
circuit

Figure 4.7- Description of the probe (left part), Right: GMR sensors (right part)

Exploiting the signals received from each sensor of the probe and the sensitivity matrix

of these sensors, we can reconstruct the three components of the field.

GMR sensors C1 and C2 are mainly sensitive in ‘x-z’ plan, and the sensors C3 and C4
are mainly sensitive in ‘y-z’ plan (Figure 4.8). This sensors conception will be used to

reconstruct the three components of magnetic field.

45°
Cc2 C1

45°
C3 C4

Figure 4.8- GMR sensors position in three axis

First step is to calculate the sensitivity of each sensor in three axis in order to create the
sensitivity matrix (S;; is the absolute value of sensitivity of ‘i’sensor according to
direction ‘j’). For applied voltage V=1V to each GMR sensor, sensitivity matrix S
(VIVIT) is:
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§= (4-4)

Each sensor has a sensitivity in two axis, with sensitivity theoretically equal to zero in
third axis (Figure 4.8). So S becomes

Six 0 S \

SZx 0 SZZ
5= 0 S3y S3, / (4-5)
0 Siy S

Figure 4.9 shows the distribution design of GMR sensors according to x-z plane and to

y-z plane.
t’ t
HZ i Hz F 3
ﬂ(——\ﬂ ﬂ(__ﬁﬂ
x’ Hx X Y’ HY hi
z 7

Figure 4.9- Distribution design of GMR sensors according to x-z plane (left part) and to y-z plane
(right part)

V; represents the output signal amplitude acquired by the sensor ‘i’. H; is the magnetic

field component according to the direction ‘j” and a = 45°.

AsV; = §;;. H, we conclude the following numerical formulas:

Vi = Six . Hy.sin(a) + S;,. H; .cos(a) (4-6)
V, = —=S,,. Hy.sin(a) + S,,. H; .cos(a) 4-7
V3 = =S5, . Hy.sin(a) + S3,. H; .cos(a) (4-8)
Vo =S4y . Hy.sin(a) + Sz Hz .cos(a) (4-9)
With a = 45°, cos(45°) = sin(45°) = \/% the equations presented above allow to

obtain the following matrix representation:
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Vi / S1x 0 S1z H
Vv, 1 [ =S, 0 S, X
= H -
Vs NG \ 0 —Ssy 532/ HY (4-10)
A 0  Siy Su z
V=Se.H (4-11)

So the matrix ‘H’ that contains the three components of magnetic field is equal to:

H= Se LV (4-12)
4.5 GMR sensors used for 3D probe development

Developed probe is based on giant magnetoresistance (GMR) sensor operating at room
temperature. The GMR sensors used in this work are spin valves with length of 30 um
and width of 3 um. The GMR of spin valve type is formed of three layers: free layer,
spacer, pinned layer (hard layer). The three layers are deposited according to the scheme
of Figure 4.12 and Figure 4.19. It has high sensitivity and is effective for small object

detection due to its micron size.

GMR sensors used in PhD thesis have yoke shape (Figure 4.10). This form is interesting
for magnetic noise suppression and domain walls elimination [6]. Magnetic domains are
generally responsible of 1/f noise increasing and of the presence of RTN; also, they

affect high-frequency noise near the resonance frequency.

'/ GMR position

"

" NGMRs - yoke

<= Contact

Figure 4.10- GMR sensor in a yoke-shape before cutting

Magnetic instabilities are moved to the corners of yoke shape, thus, the magnetization
field is aligned without instability at the long part of free layer. Simulation of magnetic

moment distributions is shown in Figure 4.11 [13].
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Figure 4.11- Distribution of magnetic moments in free layer with a yoke shape structure.

The GMR has been fabricated by standard UV lithography technics, means ion bean
etching, deposition by sputtering of Ta/Cu/Ta contacts and lift off. The full structure is
then covered by 200 nm AI203 passivation/protective layer. Elodie Paul has performed

the process.

We will present at follow the types of GMR sensors used in 3D probe.

45.1 Type 1l GMR sensors

One of the 3D probes developed in the PhD uses four type 1 GMR sensors. It is patterned

in a stack of the following composition:

Ru(3)/Ta(3)/PtMn(18)/CoFe(2)/Ru(0.85)/CoFe(2.1)/Cu(2.3))/CoFe(1.5)/Ta(0.1)/NiFe(

3.5)/Ta(3). The thicknesses are in nanometers.

Ta(3)

NiFe(3.5)=»]
Free layer —{ Ta(0.1)
CoFe(1.5)

Spacer = Cu(2.3) =»

CoFe(2.1)
Ru(0.85)
Hard layer CoFe(2) —>1
PtMn(18)

Ta(3) =»
Ru(3) =»

Figure 4.12- Spin valve stack of typel GMR sensors. The thicknesses (X) are given in nm
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GMR’s hard layer (reference layer) is composed of PtMn/CoFe/Ru/CoFe, where PtMn
Is anti-ferromagnetic coupled by exchange bias to the CoFe - ferromagnetic layer [167].
Ruthenium (Ru) is chosen with optimized thickness to create an anti-ferromagnetic
coupling between the two CoFe ferromagnetic layers, based on theory of RKKY
interaction [168, 169]. This structure is call a synthetic antiferromagnetic. The main
advantage of CoFe/Ru/CoFe coupling is the cancelation of static field created by the
hard layer on the free layer in microscopic structures. The free layer is an association of
CoFe with a soft ferromagnet NiFe having a magnetization which rotates easily with an
external applied field. The spacer (Cu) is a nonmagnetic layer of copper. The spacer
makes the free and the hard layers magnetically independent. Tantalum constitutes the
cap layer and the seed layer when it is respectively on the top and the bottom of the
GMR.

Sensitivity

The resistance of type 1 GMR sensors used in 3D probe is about 180 Ohms. We put the
GMR sensors in the Helmholtz coils to obtain the sensitivity curve according to the three
axis. The applied voltage to each GMR sensor is 0.35 V.

The response of GMR sensors to magnetic field collinear (according to z-axis) with the

pinned layer is shown in Figure 4.13.
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Figure 4.13 — The response of four type 1 GMR sensors as function of magnetic
field applied along their z-axis

Figure 4.13 shows that the four GMR sensors are sensitive to magnetic field according
to z-axis. Also, we show that the slope (that equal to the sensitivity) of the four GMR
responses according to z-axis is positive and has the same sign (in agreement with
theoretically results presented in paragraph 4.4).

The response of GMR sensors to magnetic field collinear (according to y-axis) with the

pinned layer is shown in Figure 4.14.
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Figure 4.14- The response of four type 1 GMR sensors as function of magnetic
field applied along their y-axis.

Figure 4.14 shows that the GMR sensors C3 and C4 are sensitive to magnetic field
according to y-axis and that the GMR sensors C1 and C2 are less sensitive to y magnetic
field component. However, the response of C1 and C2 is not negligible, typically 1/6 of
the response along the normal axis and hence, the sensitivity matrix has to integrate that
response. Also, we show that the slope of C3 response according to y-axis is negative,
and the slope of C4 response according to y-axis is positive (in agreement with

theoretically results presented in paragraph 4.4).

The response of GMR sensors to magnetic field collinear (according to x-axis) with the

pinned layer is shown in Figure 4.15.
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Figure 4.15- The response of four type 1 GMR sensors as function of magnetic
field applied along its x-axis.

Figure 4.15 shows that the GMR sensors C1 and C2 are sensitive to magnetic field
according to x-axis and that the GMR sensors C3 and C4 are less sensitive to x magnetic
field component. Also we show that the slope of C2 response according to x-axis is
negative, and the slope of C1 response according to x-axis is positive (in agreement with

theoretically results presented in paragraph 4.4).

Figure 4.13, Figure 4.14 and Figure 4.15 show that type 1 GMR sensors can measure
field intensities between + 15 Oe. We should be able to measure a larger range with a
well centered response of the curve. The small offset of the field is due to a residual
ferromagnetic coupling between the free layer and the hard layer. The reduction of the
coupling has been improved recently by a fine tuning of the thicknesses and a small

change in the seed layer of the stack. Beyond this maximum field, the sensor response
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becomes nonlinear. These experimental sensitivity results of the 3D probe based on
type 1 GMR sensors constitute a validation of theoretically results presented in

paragraph 4.4.

Finally, the sensitivity matrix Se (V/V/T) of the 3D probe based on type 1 GMR sensors
IS:

17.5 24 187

-171 23 182
21 —-16.8 18.1

1.9 17.2 187

Se =

The sensitivity matrix Se in (%/mT) is:

1.75 0.24 187
Se = < -1.71 023 1.82 >

021 -1.68 181

0.19 1.72  1.87

Low frequency noise

Despite that the yoke structure stabilizes magnetically the free layer of GMR, there may
stay magnetic domains in the free layer, probably caused by the quality of the
lithography. Figure 4.16 shows the voltage noise (voltage fluctuations) of four type 1
sensors in a time interval. This figure shows the proportional relation between the level

of the noise and the V.
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Figure 4.16- Voltage noise of four type 1 sensors with Vgr= 0 mV, 100 mV, 300 mV and 1V

In time domain, we clearly see to states of the sensors. At low voltage typically 300mV,
sensors are exhibiting a 1/f noise whereas at large voltage, they exhibit an additional
random telegraph noise. This is confirmed by the spectral analysis of the noise of each

sensor.

Noise spectral density and detectivity

The detectivity is the magnetic field level detected by the sensor with SNR equal to one
and for frequency band of 1 Hz. As C1 and C2 are sensitive in X-z plane, the detectivity
of these sensors according to y-axis is approximately equal to zero. It is equal to zero
according to x-axis in the case of C3 and C4 sensors. We will show the noise level of
four type 1 sensors.

67



C1

10%

0mvy
100 mv
300 mv

Noise (Misqri{Hz))
MNoise (Mfsgri(Hz))

10° 10° 102 10° 10* 10° 10" 102 10° 104
Frequency (Hz) Frequency (Hz)

c c4

0 mV
100 mV
300mV
1V

MNaoise (Visgrt{Hz))
=
b

MNoise (Visgrt(Hz))

10-15 1 1 A 10-10 1 L 1
10° 10' 10? 10% 10* 10° 107 10% 10° 10*
Frequency (Hz) Frequency (Hz)

Figure 4.17-Noise spectral density in V/Hz of four type 1 sensors with Vgyr= 0 mV, 100 mV, 300 mV
and 1V.

Spectral density measurements confirm first analysis. Up to 300 mV, we have a 1/f noise
with a cutoff at several kHz, which is usual for the size of GMR. At 1 V, C2 and C4 are
exhibiting also a classical 1/f noise up to 10kHz. The drop at 3 kHz is due to the low
pass filtering of the noise measurement setup. C1 and C3 are exhibiting a bump followed
by a 1/f2 decrease which is typical of a RTN noise with a characteristic frequency of few
kHz. This RTN has a magnetic origin and it disappears when the GMR is saturated.
Figure 4.19 shows the detectivity or field equivalent noise T //Hz of four type 1 sensors

calculate as Noise (\/%) /S (%).
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Figure 4.18-Field equivalent noise in TAHz of fourtype I sensors according to z-axis with
Veur= 100 mV

Table 4 resumes the detectivity (nT /v Hz) value of type 1 sensors according to its
sensitive axis at different frequencies with D;; - detectivity of ‘i’ sensor according to

direction °j’.

f=10Hz f=100 Hz f=1kHz
D, 17 45 1.6
D, 16 4 15
Dy, 13 44 1.9
D,, 12 4 1.7
Dy y 10 4.3 1.7
Ds, 9 3.9 1.5
D, y 8 3.4 1.2
D,, 7.5 3.1 1.1
Table 4- Detectivity given in (nT /v/Hz) of typeoliti?sors according their sensitive axis with Vg p=
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For magnetic imaging, we are working at low frequency. For NDT, we work typically
between 1 kHz and several MHz depending on the application and hence it is interesting
to increase strongly the voltage on the GMRs.

452 Type2 GMR sensors

The other 3D probes developed in the PhD thesis are based on four type 2 GMR sensors.
They are patterned in a stack of the following composition:

Si/Si02(500)/Ru(1)/PtMn(15)/CoFe(2)/Ru(2)/NiFe(4.5)/CoFe(1)/Cu(2.3)/CoFe(2)/Ru
(0.85)/CoFe(2.1)/PtMn(18)/CoFe(2)/Ru(0.85)/CoFe(2.1)/Cu(2.3)/CoFe(1)/NiFe(4.5)/
Ru(1.8)/CoFe(2)/PtMn(15)/Ta(5). The thicknesses are in nanometers.

$i/Si02(500)

Ru(1) =»

-
Pinned PtMn(15)

layer CoFe(2)

Ru(2) =»

NiFe(4.5)=>
Free layer
CoFe(1) =p
cu(2.3)
" CoFe(2) =

Ru(0,85)
CoFe(2.1)=»

Hard layer == PtMn(18) =
CoFe(2) mp
Ru(0,85),,
CoFe(2.1)
cu{2.3)

CoFe(1)
Free layer —{ .

NiFe(4.5
Ru(1.8)
CoFe(2) =»|

Pinned

layer PtMn(15)

Ta(5) =»

Figure 4.19- Spin valve stack of type 2 GMR sensors. The thicknesses (X) are given
innm

GMR’s hard layer (reference layer) is again composed of antiferromagnetic- synthetic
antiferromagnetic CoFe/Ru/CoFe/PtMn/CoFe/Ru/CoFe structure. The spacer (Cu) is a
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nonmagnetic layer of copper. The free layer is an association of CoFe with a soft
ferromagnet NiFe. This stack is more sophisticated. First additional exchange biased
CoFe/PtMn orientated at 90° from the reference layer are added. These pinned layers
are weakly coupled to the free layer by a RKKY coupling. The effect is to force the free
layer to be oriented in a specific direction at zero field to destroy the hysteresis and to
insure a linear response on a controlled field region. The second change is to create a
dual GMR in parallel with shared reference layer. The first free layer (top) is
ferromagnetically coupled to the pinning layer whereas the second free layer (bottom)
is antiferromagnetically coupled to its pinned layer. This stack insures a wide linear

range and a symmetric response.
Sensitivity

The resistance of type 2 sensors used in 3D probe is about 80 Ohms. The applied voltage
to each GMR sensor is 0.17 V.

The response of GMR sensors to magnetic field collinear (according to z-axis) with the

pinned layer is shown in Figure 4.20.
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Figure 4.20 — The response of four type 2 GMR sensors as function of magnetic
field applied along its z-axis

Figure 4.20 attests that the four GMR sensors are sensitive to magnetic field according
to z-axis. Also we show that the slope of the four GMR responses according to z-axis is
positive (in agreement with theoretically results presented in paragraph 4.4). For an
unexplained reason, C3 and C4 are presenting a magnetic offset, which is not present in

the full sheet measurements. It is probably due to lithography process issue.

The response of GMR sensors to magnetic field collinear (according to y-axis) with the
pinned layer is shown in Figure 4.21
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Figure 4.21- The response of four type 2 GMR sensors as function of magnetic field
applied along its y-axis

Figure 4.21 shows that the GMR sensors C3 and C4 are sensitive to magnetic field
according to y-axis and that the GMR sensors C1 and C2 are not sensitive to y magnetic
field component. Also we show that the slope of C3 response according to y-axis is
negative, and the slope of C4 response according to y-axis is positive (in agreement with
theoretically results presented in paragraph 4.4). In the case of the response of C1 and
C2 sensors, the two peaks showed are due to the presence of two pinned layers with
opposite couplings. We can see that the response to a field in a direction perpendicular
to the normal response is non-negligible and has to be included in the sensitivity matrix.
Another information can be obtained from these curves. The coupling between the
pinned layer and free layers is 7 mT for the ferromagnetic coupling and 11 mT for the
AF coupling. A fine tuning of the Ru layer is hence necessary to obtain a better

symmetry.
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The response of GMR sensors to magnetic field collinear (according to x-axis) with the

pinned layer is shown in Figure 4.22.
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Figure 4.22- The response of four type 2 GMR sensors as function of magnetic field
applied along its x-axis

Figure 4.22 shows that the GMR sensors C1 and C2 are sensitive to magnetic field
according to x-axis and that the GMR sensors C3 and C4 are not sensitive to x magnetic
field component. Also, we show that the slope of C2 response according to x-axis is
negative, and the slope of C1 response according to x-axis is positive (in agreement with
theoretically results presented in paragraph 4.4). In the case of the response of C3 and

C4 sensors, the two peaks are also due to the presence of two pinned layers.

Figure 4.20, Figure 4.21 and Figure 4.22 show that the type 2 GMR sensor can measure
field intensities up to £20 mT. Beyond this maximum field, the sensor response becomes

nonlinear.
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Finally, the sensitivity matrix Se (V/V/T) of the 3D probe based on type 2 GMR sensors
IS:

2.72 —042 2.82

—-2.72 -0.38 2.80
044 -3.06 3.12

0.37 336 3.15

Se =

The sensitivity matrix Se in (%/mT) in the range £20 mT is:

0.27 —-0.042 0.28

-0.27 -0.038 0.28
0.044 -031 0.31

0.037 0.34 0.32

Se =

Low frequency noise

Figure 4.23 shows the low frequency noise (voltage fluctuations) of four type 2 sensors
in a time interval of one second. We see that the noise level of the type 2 sensors is lower
than the type 1 sensors. In particular, we do not see RTN noise which can be explained
by the strength of the pinning layer and thus to magnetic domain fluctuation

stabilizations.
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Figure 4.23- Low frequency noise in pV of four type 2 sensors with Vg = 0 mV, 100 mV, 300 mV
and 1V
Detectivity

We will show the noise level of four type 2 sensors.
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Figure 4.25 shows the field equivalent noise in T /v Hz of four type 2 sensors.
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Figure 4.25- Noise spectral density in TANHz of four type 2 sensors according to z-axis with
Vemr= 100 mV

Table 5 resumes the detectivity (nT /v Hz) value of type 2 sensors according to their
sensitive axis at different frequency with D;; is the detectivity of ‘i’ sensor according to

direction ‘j’.

f=10Hz f=100 Hz f=1kHz
D, 40 14 7
Dy, 36 13 6
D, 29 12 55
D,, 25 10 4.7
D, 29 10 6.7
Ds, 25 9 6
Dy 26 7.4 6.4
D,, 22 7.8 5

Table 5- Detectivity given in (nT /v Hz) of type 2 sensors according to its sensitive axis
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In terms of detectivity type 2 probe is only a factor of 2 worse at low frequency than
type 1 probes but allows a factor 10 in terms of field range. At high frequencies, in the
thermal noise the type 1 probe becomes better than type 2 and ultimately we find a ratio
of detectivity related to the ratio of sensitivity as waited. Hence, we will prefer to use
type 1 for NDT of small defects in the MHz range whereas type 2 can be interesting for

low frequency measurements.

More generally, we can optimize the coupling of the pinned layers of type 2
configuration to increase the sensitivity and decrease the linear range for each specific

application.

4.6 Conclusion

By using a single GMR sensor, if we want to measure all three components of the field,
we have to take a measurement three times for three different probe-sample relative
orientations. This method increases the error of results to be analyzed. In this chapter
we have presented 3D probes allowing to extract the three spatial components of the
magnetic field at the same point of measurement and simultaneously. We have exploited
the small size and the high sensitivity of GMR sensors in the development of 3D probe.
In the following chapters, we will see the advantages of 3D probes based on different

types of GMR sensors for magnetic imaging and NDT.

79



80



5.1

Chapter 5. 3D PROBE IN MAGNETIC IMAGING

Introduction

This chapter reports on the results obtained by the 3D probe described in Chapter 4. We
have demonstrated the viability of using four orientations of GMR sensors allowing the
reconstruction of three components of magnetic field for 3D magnetic imaging. In
particular, the probe is useful for magnetic imaging of magnetic objects with arbitrary
shapes. This is due to the detection of small variations of magnetic fields due to the
imperfections in the wires or magnetic materials as well as evaluating magnetic
properties with micrometric spatial resolution. We will see in this chapter that the 3D
probes allow the reconstruction of three components of DC magnetic field emitted by
current line, dollar bin and soft steel objet. Also we will show the performances of 3D
probe for susceptibility measurement (AC magnetic signals). For the detection of
magnetic footprint of different shape objects in soft steel mock-up, we have used a GMR
sensor able to detect strong magnetic fields. For that we will use the 3D probes based
on type 2 sensors. Other measurements have been performed with type 1 probes. We

will start by the description of measurement set-up.

5.2 Set-ups

Two different setups have been used for magnetic imaging. The first one installed at
LIST. This setup has been used in particular for current line imaging (Figure 5.1). This
experimental set-up consists of test desk controlled by a motor, where the probe can be
moved horizontally along the X and Y directions. The motor has spatial resolution of
0.2 um in z-plane and 5 um in x-y plane. The mapping system is controlled by an
extremely easy-to-use-software built on MS Windows platform and LabVIEW. The 3D
probe associated to a mechanical support is connected to a voltage preamplifier and

acquisition system to display the results.
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T L -Current line
card— -

alimentation

Figure 5.1- Experimental set-up at CEA-LIST

A second setup at SPEC has been used for dollar bin, soft steel material and
susceptibility measurements ( Figure 5.2). This experimental set-up consists of test desk
controlled by a motor, where the sample can be moved horizontally along the X and Y
directions. The motor has spatial resolution of 0.2 um in z-plane and 2 um in x-y plane.
The 3D probe is connected to a voltage preamplifier and acquisition system to display
the results. For susceptibility measurement (AC signal), we have adjusted the coil to
emit a magnetic field by using a frequency generator to feed this coil, “SR830 DSP
Lock-In Amplifier”, and a Mux.

Figure 5.2- Experimental set-up at CEA-SPEC
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5.3 Study of current line

The current line has been studied with the probe based on type 2 GMR sensors. The
sensor-to-sample distance (lift-off) during scanning operation is 0.7 mm. The scanning
step is 0.1 mm for the x-axis and 0.6 mm for the y-axis. Current line is excited by a DC
current of 20 mA (Figure 5.3). The straight wire consists of 1 mm thick line with a length
of 15 mm. The current flow is parallel to the Y-axis and the scan direction is
perpendicular to the current flow (X direction). A constant voltage V=1V is applied to
the GMR sensors.

2,

G < Curentline B

——
4

Probe

Figure 5.3- Measurement scheme of current line

The estimated magnetic field signal is accomplished by the fundamental physical

relation between magnetic field and current, described by Biot-Savart law:

o ldix 7
dB = —
4T 712

(5-1)

Where B is magnetic induction, Id€ is an element of the current I, the constant y, is the
permeability of free space, and r is the distance between the current and the sensor. Thus,
the current can be directly calculated from the magnetic field if we know the distance

that separates the current line and magnetic field sensor [170, 171].

Magnetic field emitted by the current line has a two-dimensional distribution in the x-z
plane. This magnetic field emitted by the current line has a zero value in the y-axis.
Figure 5.4, Figure 5.5, and Figure 5.6 compare the experimental results and the

simulation results obtained on current line.
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As the probe moves over the wire, the Hx component of the magnetic field will be
negative, as seen in Figure 5.4. Blue color corresponds to the negative value of the Hx
component. In addition, the measured field amplitude decreases slightly when the probe

moves away from the current line.

The maximum amplitude of magnetic signal calculated with the sensor according to the
x-axis (Hx) by Biot-Savart law is equal to 1.25 uT. The maximum amplitude of the
magnetic signal obtained by the 3D probe in the case of Hx component is equal to 1.2 pT.
The Hx component reconstructed by the 3D probe shows a good correlation with

simulated results.
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Figure 5.4- One dimensional (top) and two dimensional scans (bottom) of the magnetic field of a line
current according to x-axis; simulation results of Hx. component (left part) reconstruction of Hx
component measured by 3D probe. The maximum amplitude is equal to 1.2 7 with SNR of 8.2 dB
(right part)

The asymmetry in the experimental results may be due to a small gradient of the

laboratory static field of about 50 nT/cm.

The value of magnetic field projection to the y-axis is zero, as shown in Figure 5.5. The
magnetic signal calculated with a sensor according to y-axis (Hy) by Biot-Savart law is
equal to zero. The Hy component is perpendicular to the sensitive axis of the GMR
sensor, which confirms that the magnetic field reconstructed in the case of Hy is almost
equal to zero. Observed residual component of field is about 30 nT. Thus, the error bar

of the accuracy of the reconstruction is about 3%.
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Figure 5.5- One dimensional (top) and two dimensional scans (bottom) of the magnetic field of a line
current according to x-axis; simulation results of Hy component (left part) reconstruction of Hy
component measured by 3D probe.. The amplitude of Hy is almost equal to zero (right part)

The magnetic field projection to z-axis is in two opposite directions (Figure 5.6). As the
probe moves over the wire, the H, component of magnetic field will be first positive,
then zero, then negative, as seen in Figure 5.6. Red and blue colors correspond to the
positive and negative values of the H, component. The maximum amplitude of magnetic
signal calculated with a sensor according to z-axis (H;) by Biot-Savart law is equal to
+1.35 uT for a sample to sensor distance of 700 um. The H; component reconstructed
from the measurement with 3D probe is equal to +1.3 pT, which allows to estimate the

experimental lift off. We still observe a small field gradient due to the setup.
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Figure 5.6- One dimensional (top) and two dimensional scans (bottom) of the magnetic field of a line current
according to x-axis; simulation results of Hz component (left part) reconstruction of Hz component measured
by 3D probe.. The maximum amplitude is equal to 1.3 4T with SNR of 8.9 dB (right part)

5.4 Magnetic imaging of dollar bin

The performance in spatial resolution within a developed probe can be demonstrated
with a magnetic image of a one-dollar bill. US Federal Reserve uses ink that contains
particles of iron oxide that contains natural remnants of magnetization with a minimum
grain size equal to 10 um. Magnetic ink is used to reduce counterfeiting that gives the

user a sense of security by capturing basic "amateur” counterfeit money bills [172].

A one-dollar bill has been placed on the test desk. The test desk is moved relative to the
stationary 3D probe using a three-axis (X; y; z) mechanical stage. The distance between
the probe and bill estimated with a ruler is 400 um=100 um. The scan step is 100 pm in
the x and y axis. The magnetic image of George Washington’s face on a dollar bill is
saturated at 1 T along the vertical direction (z-axis) before measurements. A constant
voltage V=1V is applied to the GMR sensors.Figure 5.7-right shows the result of the
Hz component reconstructed by our 3D probe, which includes a major part of
Washington’s face compared with the result obtained by Kletetschka (Figure 5.7-left)
[165]. Figure 5.7-center shows a photo of George Washington’s face taken with a Nikon
D7100 camera equipped with a macro lens with a focal length of 90 mm. In this image,

we reach the limit of resolution of the printing process used on the bill. Kletetschka
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scanned the dollar bill using a Hall sensor. This sensor is sensitive to the vertical
component of the magnetic field. The z distance between the Hall sensor probe and
dollar specimen is 0.125 mm.
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Figure 5.7- Measurement results of George Washington’s face in the case of Hz component detection obtained
by Kletetschka [173] (left part). Picture of part of Washington'’s face in one dollar bill (center part) and
measurement results obtained by developed 3D probe (right part)

The obtained image is a mirror of the real dollar bill. It is compared to results obtained
in [73, 173]. Our results show a good performance to detect the small quantities of
magnetic ferrite material, giving more details of Washington’s eye, nose, hair and neck.
We can conclude that the distribution of magnetic ink in the dollar bill is not
homogenous as expected.

In Figure 5.8, a bigger image of George Washington’s face obtained by developed 3D
probe is shown. Three magnetic field components are presented.
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Figure 5.8- Picture of Washington’s face in one dollar bill (a) Magnetic image of a portion of a $1.00 bill scanned
at a working distance of height of 400 um, Hz component. The gray scale varies from about —300 UT(downward,
black) to +310 puT(upward, white) (b) Magnetic image of Hx component. The gray scale varies from about —80 PT
to +85 UT (C) Magnetic image of Hy component. The gray scale varies from about —65 UT to +60 UT in the case of
Hy (d)

SNR is 38 dB for a normal component of magnetic field H, 13 dB for the Hy component
and 11 dB for the Hx. As magnetic field contained within the dollar bill is oriented to
the z-axis, the amplitude of normal component H; is higher than that of Hx and Hy
(Figure 5.8). The amplitudes of Hx and Hy components are different to zero due to the
deviation of the induced field in the dollar bill. One interesting aspect is also the large
contrast observed for example in Hx component at the edges, which shows that a part of
the magnetization in the large dark areas (not so dark in H;) remains with a planar

magnetization.
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5.5 Imaging of soft steel objects

The performance of 3D probe in detection of magnetic footprint of different shape
objects in soft steel mock-up has been evaluated (Figure 5.9 and Figure 5.10). The aim
of that study is to evaluate the performances of the probe for large static permanent
fields as the mean field radiated by the object was several milliTesla. The distance
between the objects is 0.5 mm and 1.5 mm. A steel is a metal alloy consisting mainly of
iron and carbon and is processed to withstand mechanical and chemical stresses. The
self-magnetic field in this mockup is very weak. For this reason, two magnets are put
under the mock-up to induce a magnetic field. The steel mock-up shown in Figure 5.9

and Figure 5.10 has an electric conductivity of 5.9 S.m™,

Qe

soft steel objet

Figure 5.9- Steel mock-up with different shape objects

This specimen contains objects of different shapes: four circles, snake, square, and near
bars. (Figure 5.10).
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Figure 5.10- Steel objet that contains many shapes

To facilitate the study of these objects and to facilitate the analysis of the obtained

results, we have divided the specimen in six parts presented in the table below:

Shape Dimensions

P.1 4 circles 1: dex=5 mm dint=2.4 mm

2: dex=5 mm dint=2 mm

3: dex=5 mm dint=4 mm

4: dex=5.2 mm dint=2.9 mm
P.2 Snake Length L=36mm

Thickness w=2mm
P.3 Square 9.2 X X6.8 mm?
P.4 5 bars 1.4 x 3.6 mm?,

distance between bars 0.5mm
P.5 5 bars 1.6 x 5.8 mm?,

distance between bars 0.5 mm
P.6 5 bars 2.8 x 5.8 mm2,

distance between bars 1.5mm
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During the acquisition, the only movement is within the x—y plane, and the distance
between the 3D probe and the mock-up is fixed at 400 pum. The scan step is 200 pym in
the x and y axis. The magnet emits a non-homogenous field in steel mock-up of several
milliTesla. Magnetic field in the specimen is oriented according to the z component.
The normal component of magnetic field (H;) obtained with the 3D probe is shown in
Figure 5.11.

y-axis (um)

Figure 5.11- H; component, the grey scale varies from —100 uT
(downward, black) to +80 uT (upward, white)

It is observed that the objects are detectable with SNR = 27 dB. The black regions of
the image correspond to an antiparallel magnetic field (the magnetic field emitted by the
mockup is antiparallel to the easy axis of GMR sensor), whereas white color ones

correspond to a parallel magnetic field.

v' P.1: Circular shapes are well detected and their diameter could be estimated. It
is observed that a circle number 3 (Figure 5.9) doesn’t have the same magnetic
signature (downward amplitude value = -86 uT) as other circles (upward value:
1= +54 uT, 2= +57 uT and 4= +80 uT). This difference is due to a non-
homogenous magnetic field in the specimen.

v P.2: Snake shape is well detected. The magnetic signature is upwards (white
color) and has a signal amplitude between +40 uT and +60 uT.

v P.3: Square object is well detected with amplitude value equal to +45 uT.
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v’ P.4: Five bars separated with distance of 0.5 mm are well detected, confirming
good spatial resolution of the 3D probe. The magnetic amplitude values of five
bars are between +30 pT and +60 pT.

v P.5: Five bars separated with distance of 0.5 mm are detected. The magnetic
amplitude values of five bars are between -70 uT and 70 uT. The magnetic
signature of bars is in the opposite value (upward and downward value) due to
a non-homogenous magnetic field in the mock-up.

v' P.6: Five bars separated with distance of 1.5 mm are well detected. The
magnetic amplitude values of five bars are between - 80 uT and -100 uT.

Magnetic field emitted by the magnets is in the z-axis direction, however the magnetic
field of studied objects undergoes a deviation in the x-y plane of the specimen. Figure
5.12 shows the Hx. and Hy. magnetic field components detected by the 3D probe.

Hx

y-axis (um)
y-axis (um)

X-axis (um) «10°

X-axis (um)

Figure 5.12-Hx and Hy components obtained by 3D probe. The gray scale varies from about —25 T
(downward, black) to +40 uT (upward, white) in the case of Hx (left part) the gray scale varies from
about =35 uT to +40 uT in the case of Hy (right part)

We can see that the magnetization of the objects is dominated by internal domains,
which can be imaged by the 3D probes. Each domain orientation creates a positive or
negative stray field, which is highlighted by the patterns done on the surface. The origin
of this large scale inhomogeneity is unclear but may be related to an inhomogeneity of

composition.
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5.6 Susceptibility measurement

Magnetic susceptibility is the ability of any object to acquire magnetization with applied
external magnetic field. Otherwise, magnetic susceptibility is based on the capability of

the material to be magnetized under the action of magnetic excitation.

The magnetization M—)(A/m) is proportional to the applied magnetic excitation_H—)(A/
m); the coefficient of proportionality y,, defines the magnetic susceptibility of

considered material:

M = ym. H (5-2)
The response of specimen that is composed of magnetic strips grid has been studied.
The mock-up described in Figure 5.13 is composed of CoFe and NiFe. There are
125 rectangular strips and 2 lines of square strips. The spacing between the 125 strips is
equal to 0.1 mm, and the spacing between the 25 strips in the two lines is equal to

0.3 mm.

Figure 5.13- The grid composed of magnet strips.

First we will measure the DC field emitted by the specimen. The scan step is 50 pm in
the x and y axis. Detected magnetic field is the DC magnetic field. The applied voltage
to GMR sensors is Vg =1 V. Figure 5.14, Figure 5.15 and Figure 5.16 show the results
obtained for three components of the magnetic field Hx, Hy, and H,. Comparisons

between the experimental and simulated results are now presented.
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Figure 5.14- Simulation results (left part) and experimental results (right part) in the case of Hx
component analysis

SNR is about 21 dB in the case of Hx component measurements, Hx component shows

that there is no DC field along x-plane in the 125 strips. However, we detect a magnetic
field into the squares.
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Figure 5.15- Simulation results (left part) and experimental results (right part) in the case of
Hy component analysis. The maximum amplitude is equal tol.6 uT

SNR is about 27 dB in the case of Hy component analysis. Hy shows that the DC
magnetic field in the 125 strips is along y-plane.
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Figure 5.16- Simulation results (left part) and experimental results (right part) in the case of
Hz component analysis. The maximum amplitude is equal to 1.2 uT

SNR is about 20 dB in the case of H,.

The squares stray field have the three components of DC magnetic field Hyx, Hy, H.. We
conclude that there is bipolar magnetic distribution in the square. The experimental

results of magnetic response show a strong correlation with simulation results.

We see that due to the height between the sensors and sample, we are not able to resolve
correctly the 125 individual strips. This is confirmed by the simulations. This study
shows the necessity of a better control of the height between the probe and studied
sample.

In order to measure the susceptibility, the specimen is placed between two coils that
create homogeneous magnetic field of 0.2 mT at a frequency of f = 30 Hz, oriented to

x-axis Figure 5.17.

Figure 5.17- Experimental set-up for susceptibility measurement

The scan step is 50 um in the x and y axis with the magnetic field detected is the AC

magnetic field. The applied voltage to GMR sensors is Vyg= 0.2 V. We demodulate
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the signal at frequency f= 30 Hz. Figure 5.18 shows the results obtained for three
components of the magnetic field Hx, Hy, and H;
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Figure 5.18- The three components of magnetic field in the case of susceptibility
measurement. The maximum amplitude values are equal to Hx = 1.5 uT, Hy = 1 uT,
Hz =0.8 uT.

As we expected, the signal along the excitation direction is much larger than the static
field along Hx. This can be understood by the fact that the stripes are magnetized along
y axis and hence have a strong response along x axis. Along z axis we see a response
similar to the static field response. The Hy stray field is modulated at 30 Hz and gives a

response, which is proportional to the static field.

5.7 Conclusion

In this chapter, we have described the use of 3D GMR probe in magnetic imaging. The

developed probe shows a good detection of magnetic objects with different shapes.

The combination of the responses of the four GMR with the sensitivity calibration
allows us to achieve accuracy along the three directions of fields better than 5%. The
two types of probes have been evaluated. We have demonstrated that by using type 2

probes, we are able to image patterns in strongly magnetized objects.

The main limitation of the present set-up is related to the accurate control of the distance

between the sample and the probes. Ultimately, an automatic system measuring the local
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distance should be incorporated in order to use efficiently the spatial resolution of GMR

SENSOrs.

Finally, we have tested the probe to perform susceptibility images of a sample. That
technique should be further developed by incorporating the possibility of scanning the
frequency on a wide range in parallel to the physical scanning. Interest will be to
determine the local susceptibility of materials as function of frequency in order to

characterize the local inhomogeneities.
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Chapter 6. 3D Probe in Non-Destructive Testing

6.1 Introduction

Eddy current excitation combined with giant magnetoresistive sensor is interesting in
defect detection that requires working at low frequencies, i.e. detection of buried flaws,
and with high spatial resolution at high frequencies for very small surface cracks (under
100 um) detection. In this chapter, eddy current excitation combined with 3D probe will
be presented. This emitter part has been optimized in CIVA software [174]. We will
show theoretical example of 3D probe performances in EC-NDT with reconstruction of
three components of magnetic field. We will see in this chapter that the 3D probes enable
to detect the defects at both surface and sub-surface levels. We will use the 3D probes
based on type 1 sensors to exploit their high sensitivity (about 20 V/V/T) for defect
detection. For subsurface defect detection, the experimental results obtained in
Aluminum and Inconel mock-ups are analyzed and compared with simulation results.
Titanium and Aluminum samples containing small surface defect (under 600 pum) have
been used for probe evaluation for surface cracks detection. The performance of 3D
probe for small surface defects detection in Aluminum and Titanium mock-ups are

compared with simulation results.

6.2 Optimization of EC probe

The design of the probe (the emitter part and the 3D probe) for NDT application has

been optimized with CIVA software.

Figure 6.1 shows the details of the three axis probe with GMR sensors as receiver. For
NDT application, 3D probe described in Chapter 4 is used as receiver and two current
foils are used as emitters (Figure 6.2). 3D probe and the current foils are fixed on
mechanical support. Emitters are placed in horizontal. The GMR sensors detect a low

magnetic field in the absence of defect.
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Figure 6.1-3D Probe based on a GMR array receiver and two current foils
emitters

The two current foils used as emitter have the following dimensions: internal length
L =20 mm, the internal width W = 12 mm and the total width E = 2 mm. A rectangular
hole is placed in the center between two current foils in order to place receiver. Each
current foil has eight layers and each layer has four turns. The current foils parameters

are detailed in Figure 6.2. These parameters have been optimized in CIVA software.

E=2mm

3,5mm
—h \I —

-

S
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Current foil Hole Marking for the Current foil
landmark

Figure 6.2- The parameters of two current foils
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In order to obtain the field almost equal to zero (according to z component) in the

absence of defect, the emitters are excited in opposite direction (in opposition phase).

Figure 6.3 illustrates the form of current into the two current foils.

3D pro
posm

Figure 6.3- Schematic of opposite excitation in two current foils emitters

In the case of working with normal (z) component of magnetic field, this method of
excitation avoids the saturation of GMR receiver. This excitation allows to obtain
homogenous and parallel current in the mock-up. Also, it allows to use GMR receiver

with high sensitivity, operating in weak field.

On the contrary, when the foils emitters are excited at the same direction, the GMR
sensors receivers evolve in strong field even in the absence of mock-up, the value of

magnetic field measured by receiver in z-plane is very high.

Figure 6.4 illustrates the magnetic induction in aluminum mock-up for the two types of
excitation current cited above. These simulation results are made using CIVA software.
The applied current is 100 mA. It is shown that the coupling noise is much lower in the
case of the two current foils excited in opposition phase than the case of excitation in

phase (the same direction).
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Figure 6.4- Image of 1D z component distribution of magnetic induction reflected by aluminum
mock-up for the two forms of excitations: phase and opposition phase

The optimal distance between the coils has been defined by simulations. Figure 6.5
illustrates the magnetic induction reflected by aluminum mock-up for different distances
between the two current foils.
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Figure 6.5- Distribution of z-component of magnetic induction reflected by aluminum mock-up at different distance
between the two current foils with the applied current of 100 mA (left part), 1D z-zone distribution at fixed x and y
positions (GMR position) (right part)

We have chosen the distance between the two current foils equal to 4 mm, compromise

between the coupling noise value and the magnetic induction intensity.
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6.3 3D EC probe
6.3.1 Simulation results with 3D EC probe

To validate the operation of 3D probe in the reconstruction of the three magnetic fields
components, we made a configuration in CIVA software similar to 3D EC probe (Figure
6.6).

Movement direction

Curent foil 1 . Curent foil 2

¥ Ligament

Defect
S=18 V/V/T; lift-off=0,7 mm;

Mock-ups

Figure 6.6- Configuration realized in CIVA for 3D probe.

Aluminum mock-up (¢ = 19.5 MS.m™1) has been used for simulations of 3D probe. The
defect with following dimensions has been studied:
length x width x depth=5mm x 0.15 mm x 2 mm. The ligament (the distance
between the flaws and the mock-ups surface) is 0.5 mm. The excitation frequency f =
50 kHz and excitation current of 1=20 mA have been chosen. The applied voltage to
GMR receiversis 0.2 V.

The results of reconstruction of Hx component (real part of the signal) are compared

with results of simulations of the case when receiver is placed along x-axis (Figure 6.7).

Hx mV Hx mV
X 0.15
15 15
£
£ . 0.1
@ 10 210
-
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0 5 10 15 20 25 0 5 10 15 20 25
X-axis (mm) X-axis (mm)

Figure 6.7- CSCAN of the defect in aluminum mock-uobtained with receiver places according to
x- axis (left part), reconstruction of Hx component obtained with 3D EC probe (right part).
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The lobe signature in Figure 6.7 corresponds to the flaw poistion. Hx component has the

advantage of having a monopole signature that is simple to interpret.

The results of reconstruction of Hy component (real part of the signal) are compared
with Hy obtained by simulations of the case when receiver is placed according to y-axis
(Figure 6.8)
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Figure 6.8- CSCAN of the defect in aluminum mock-up obtained with receiver places according to
y- axis (left part), reconstruction of Hy component of magnetic field with 3D EC probe (right part).

The four lobes signature in Figure 6.8 corresponds to the four edges of the flaw. This
configuration has the advantage of having zero direct coupling.

The result of reconstruction of H, component (real part of the signal) are compared with
H; obtained by simulations of the probe with receiver placed according to z-axis (Figure
6.9)
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Figure 6.9- CSCAN of the defect in aluminum mock-up obtained with receiver places according to z-axis (left
part), reconstruction of H, component of magnetic field with 3D EC probe (right part)
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The two lobes signature in Figure 6.9 corresponds to two extremities of the flaw.
Moreover, this configuration has the advantage of having zero direct coupling in the
case of receiver placed along z axis.

The three magnetic field components reconstructed theoretically by the 3D Probe are in
good agreement with the results obtained by depositing sensors according to the three

axis.
6.3.2 Experimental Results

6.3.2.1 Subsurface defects

Aluminum mock-up

Aluminum mock-up with flaws has been used for probe performance evaluation.
Applied current for emitters is 20 mA at frequency at 50 kHz. The applied voltage to
the GMR receivers is 1 V. The distance between the 3D probe and the mock-up is fixed
at 700 um. The scan step is 500 um in the x-axis and 100 um in the y-axis The CSCAN
image highlights detection and reconstruction of the three field components of a defect
of size 5x0.2x2 mm?, located at ligament of 0.5 mm (Figure 6.11, Figure 6.12, Figure
6.13).

Experimental set-up is shown in Figure 6.10. It is based on the acquisition card National
Instruments PCI16251, signal generator with 4 channels to generate three synchronized
frequencies, and lock-in. Signal generator is used for alimentation of emitters and
reference signal to the lock-in. The signal from receiver element is sent to the lock-in
where it is demodulated and is sent to acquisition card. Acquisition is then analyzed
using CIVA software.
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Figure 6.10- Experimental set-up for EC measurements (left part) 3D probe installed (right
part).

Figure 6.11, Figure 6.12, and Figure 6.13 show comparison between simulated results
(real part) with receivers position according to x-, y- and z-axis and reconstruction of
three components of magnetic field (Hx, Hy, and H;) from experimental results obtained

with 3D probe at the defect of size 5x0.2x2 mm?3, located at ligament of 0.5 mm.
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Figure 6.11- Simulation results (left part) and experimental results (right part) in the case of Hx
component measurement

The one lobe signature of CSCAN in Figure 6.11 corresponds to the flaw detected with
6 UT as maximal amplitude for experimental results, with a signal to noise ratio (SNR)

is equal to 21 dB.
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Figure 6.12- Simulation results (left part) and experimental results (right part) in the case of Hy
component measurement

The four lobes signature in Figure 6.12 corresponds to the 4 edges of the flaw. The

maximal amplitude in EC measurements is 1.5 uT, SNR=19 dB.
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Figure 6.13- Simulation results (left part), and experimental results (right part) in the case of Hz
component measurement.

The two lobes signature in Figure 6.13 corresponds to two extremities of the flaw. The
maximal detected amplitude is 12 uT. The defect is detected with signal to noise ratio
of SNR=27 dB.

The experimental results of magnetic response show a strong correlation with simulation

results in the case of three analyzed components of magnetic field.

Inconel mock-up

Inconel mock-up (¢ = 0.97 MS.m™1) has been also used for 3D EC probe performances
evaluation for subsurface defects detection. The excitation frequency of f = 70 kHz and

current of 1=50 mA applied to emitters have been chosen. The applied voltage to the
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GMR receivers is 1 V. The distance between the 3D probe and the mock-up is fixed at
700 um. The scan step is 500 um in the x and 100 pm in the y axis. An example of
detection of defect with following dimensions:

length x width x depth = 4 x 0.1 x0.93 mm? with ligament of 1.3 mm is analyzed
below.

Figure 6.14, Figure 6.15 and Figure 6.16 show comparison between the simulated
results with receiver position to x-, y- and z-axis and reconstruction of three components
of magnetic field (Hx, Hy, and H;) from experimental results obtained with 3D EC probe.
Real part of the signal is studied
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Figure 6.14- Simulation results (left part) and experimental results (right part) in the case of Hx
component measurement

The lobe signature in Figure 6.14 corresponds to the flaw position. The maximal
amplitude of detected signal is 2.5 uT with SNR=23 dB.

Hy ut

15 F 15
E 10} _% 10
el wv
L0 ¢
fad ©
m I
> 57 > 9

0 . 0

4 @ 8 10 12 14 16
X-axis (mm) X-axis (mm)

Figure 6.15- Simulation result’s (left part), and experimental results (right part) in the case of Hy
component measurement
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The four lobes signature in Figure 6.15 correspond to the four edges of the flaw.

Maximal detected amplitude is 1.6 puT. The defect is detected with SNR= 17 dB.
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Figure 6.16- Simulation result’s (left part), and experimental results (right part) in the case of Hz
component measurement.

The two lobes signature in Figure 6.16 correspond to two extremities of the flaw.
Maximal detected amplitude is 10 pT. The defect is detected with SNR= 28 dB.

The experimental results of defect magnetic response show a good correlation with

simulation results in the case of three components of magnetic field.
6.3.2.2 Surface defects

Aluminum mock-up

Experimental testing in Aluminum mock-ups (¢ = 18 MS.m™1) containing four
defects (Figure 6.17) has been performed for evaluation of 3D probe for small defects
detection. The defects have the same width and height: w=0.04x h=0.05 mm? and have
the following lengths : 0.7 mm, 0.5 mm, 3 mm and 2 mm. Applied current for emitters
is 20 mA. All defects are well detected with excitation frequency f =100 kHz. The
applied voltage to the GMR receiversis 1 V.
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Figure 6.17- Aluminum mock-up.

The three following figures show comparison between simulated results with receivers
position according to x-, y- and z-axis and reconstruction of three components of
magnetic field (Hx, Hy, and H;) from experimental results obtained with 3D EC probe.
Real part of the signal is studied. The scan step is 100 pum in the x-axis and 25 pm in the
y-axis. The distance between the 3D probe and the mock-up is 400 pm.

y-axis (mm)
y-axis (pm)

10 12 14 16 18 20 22 10 12 14 16 18 20 22
X-axis (mm) X-axis (mm)

Figure 6.18- Simulation results (left part) and experimental results (right part) in the case of Hx
component measurement

Figure 6.18 shows that each defect is detected with one lobe signature. Experimentally
the defects are detected with SNR =13.8 dB for defect 1 (I=0.7 mm), SNR=13 dB for
defect 2 (1=0.5 mm), SNR=16 dB for defect 3 (I=3 mm) and SNR=15 dB for defect 4
(I=2 mm). Maximal detected amplitude is 1.5 puT, 1.3 uT, 25uT and 2.3 uT
respectively.
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Figure 6.19- Simulation results (left part) and experimental results (right part) in the case of Hy
component measurement

We show in Figure 6.19 (right part) that the 3D probe doesn’t detect the Hy component
of magnetic field. This inability of detection is due to the small width of four defects
(40 pum). Estimated weak magnetic amplitude of Hy component of order of 0.2 uT

(Figure 6.19-left part) and the noise level is equal 2 uT. Thus, Hy component is hidden
into the intrinsic noise.
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Figure 6.20- Simulation results (left part) and experimental results (right part) in the case of Hz
component measurement

Figure 6.20 shows that each defect is detected. The signature of detected defects
corresponds to two extremities of the defects. Experimentally, the defects are detected
with SNR =16.7 dB for defect 1 (1=0.7 mm), SNR=16 dB for defect 2 (I1=0.5 mm),
SNR=17.6 dB for defect 3 (I=3 mm) and SNR=17 dB for defect 4 (I=2 mm). Maximal
detected amplitude is 2.8 uT, 2.6 uT, 3.5 uT and 3 uT respectively.

Titanium mock-up
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Titanium mock-ups (o = 0.6 MS.m™1) have been also used for 3D Ec probe evaluation
for surface defects detection. This material is rather difficult due to it low conductivity
compared with Aluminum. This makes the detection of small defects harder as EC signals
are small. Applied current for emitters is 50 mA. The chosen excitation frequency is
1 MHz. The applied voltage to the GMR is 1 V. The scan step is 100 pum in the x-axis
and 25 pum in the y-axis. The distance between the 3D probe and the mock-up is fixed
at 400 pum. The measurements have been performed on the mock-up with the defect with

following dimensions: length x width x depth = 0.6 x 0.05 x0.03 mm3.

The three following figures show comparison between the simulated results with
receivers position according to x-, y- and z-axis and reconstruction of three components
of magnetic field (Hx, Hy, and H;) from experimental results obtained with 3D EC probe.
Real part of the signal is studied. We show only 1-D results, as detection of defects has

been performed in one-line scan.
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Figure 6.21- Simulation results (left part) and experimental results (right part) in the case of Hx
component measurement

The results shown in Figure 6.21 correspond to the defect response in tangential
component Hy. The defect is detected with maximal amplitude of 1.5 uT and with

SNR = 12.3 dB. Experimental results are in good agreement with the simulation results.
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Figure 6.22- Simulation results (left part), and experimental results (right part) in the case of Hy
measurement

We show in Figure 6.22 (right part) that the 3D probe doesn’t detect the Hy component
of magnetic field. This inability of detection is due to the small width of the defect
(50 um), to the weak magnetic amplitude of Hy component (estimated to 0.4 uT)
(Figure 6.22 -left part), and to the noise level in experimental results (Figure 6.22 —left
part) that is equal to 0.8 uT
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Figure 6.23- Simulation results (left part), and experimental results (right part) in the case of Hz
component measurement.

The two lobes signature in Figure 6.23 corresponds the extremities of the defect. It is is
detected with maximal amplitude of 1.9 uT and SNR= 13 dB. Experimental results are

in good agreement with the simulation results.

6.4 Conclusion
In this chapter, performances of 3D EC probe have been evaluated. The 3D receiver
combined with emitter part described in this chapter has achieved a detection of

um- sized defects. For this purpose, we measured the magnetic field response caused by

defects in Aluminum, Inconel and Titanium mock-ups. For subsurface and surface
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defects detection, the developed 3D EC probe has demonstrated the capability of
detection of subsurface defect at ligament of 0.5 mm in Aluminum mock-up and at
ligament of 1.3 mm in Inconel mock-up. Small surface defect of 500 pm in Aluminum
mock-up has been detected with magnetic field detection limit of 2 uT. Also small
surface defect of 600 um in Titanium mock-up has been detected with magnetic field

detection limit of 0.8 puT.
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Conclusion and Future works

The main goal of this thesis work was to investigate probe allowing simultaneously reconstruction
of three components of magnetic field at the same measurement point of measurement. 3D probes
have been used for non-destructive testing and magnetic imaging applications. We have succeeded
to overcome the limits of detection of three components of magnetic field simultaneously at the

same point of measurement by using four orientations of GMR sensors.

The design of probe which comprises of various aspects including mechanical, electronic and
software elements has been developed. Different types of micron-sized GMR sensors have been
developed for different applications with a compromise between detectivity and magnetic field
range. Probe layouts and coil dimensions have been optimized with CIVA software for ECT
application. In micro-magnetic imaging, the 3D probe has detected the three components of
magnetic field emitted by current line in good agreement with simulations. Magnetic imaging of
one-dollar bill, and structured metallic object has been realized. Also, susceptibility measurements

have been realized with the 3D probe.

Performances of these probes have been evaluated in cases of sub-surface flaws and surface cracks
detection for EC-NDT. For sub-surface flaws detection, the 3D probe has demonstrated their
capacity of defect detection at size of 600 pm in titanium and of 500 pum in aluminum mock-ups.

Results in terms of signal to noise is comparable to single component probe detection.

Future work

e The next-stage work will be the development of GMR-array based 3D probes to reduce testing
time with the possibility of greater area inspection at one time. This work has begun with the
fabrication of 2D lines of sensors, which can be mounted at 45°. But during the time of my PhD
I did not have enough time to test these new probes.

e For 3D detection in NDT applications, it would be interesting to combine different technologies.
For example, micro-coils can be used to detect the perpendicular field whereas GMR sensors are
used for detection of planar components of the field. This would permit the fabrication of 2D
arrays of sensors.

¢ Investigate a correlation relationship between the defect shape and output signals of the 3D probe
by developing a hierarchical structure for defect classification and quantification: The
relationship between the magnetic field signal reflected by the defects and defects dimensions
can be used to characterize defects. For this reason, develop a statistical approach for the

influence of each defect parameters on the three components of field (frequency, ligament, lift-
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off, length, width and depth) is very interesting. Indeed, further investigation will be undertaken
by using wide range of defect samples to create a big database.

We have tried to use the frequency information to have a more accurate determination of a defect
in NDT. This is particularly suitable with GMR sensors as they are wideband detectors. | have
made a number of simulations but this work would require more in depth work.

Optimization of the sensing elements and the downstream electronics, i.e. integrated the ASIC
(application-specified integrated circuit) system to the 3D probe for processing the sensor
signals [175].: The ASIC is a specific CMOS circuit that should provide the biasing for the
sensor array and do the reading of the sensors output for further processing. More
specifically the ASIC drives the magnetic sensors; multiplexes/sample the signals;
amplify/filter the signals.

One key point of this work is an accurate control of sensor-surface distance. We can have a
calibration with a current line like we have done but a continuous measurement of the distance
by, for example, laser interferometry will be particularly important for magnetic imaging and
would allow a better image acquisition.

Replace the GMR sensors by TMR sensors in application that need to work at high frequencies.
For example, for surface cracks detection, TMR are very promising in terms of the possibility of
detection and spatial resolution.

Insert the GMR sensors in half bridge configuration with two active resistances and two GMR
sensors or full bridge configuration with four GMR sensors to eliminate the thermal effects. With
this configuration the noise level decreases, so the detection limit of magnetic field reduces. We
have not developed such probes in my PhD but it is possible to locally reverse the magnetization
of GMR sensors and then suppress thermal drifts. This is important for DC magnetic imaging

where thermal fluctuations are the main cause of image deformation.
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