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Abstract. The paper analyses developments and summarizeatrgeads in eddy current non-destructive evaluatiBasic
principle of the method is explained and its pdssépplications in non-invasive evaluation of coctilte materials are summarized.
Main aspects connected with application of the nbtinopractice are discussed in details together wittual issues of research
and developments. Authors’ group activities in frekl are presented on the basis of the reportgdent state-of-the-art.
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I NTRODUCTION in this field for several years. Their experiencasd

) S ) achievements are presented on the basis of thetedpo
Many structures require periodical inspection tefke gtate-of-the-art.

safety and reliability of various processes. Non- a¢ first, the principle of the method is briefly
destructive testing (NDT) methods are utilized this explained according to the macroscopic Maxwell's
purpose because of leaving an inspected structuigectromagnetic field theory. Possibilites of ECT
undamaged in its original state. y utilization in different applications are then sified. As
System health monitoring and condition basedne method is especially employed in defectoscoby,
maintenance are of high interest nowadays. Accgidin  paper is particularly devoted to this applicatidhe last
not only reliable detection but also precise evadmaof  haragraph brings overview of numerical modelling of
inspected parameters should be considered. Thusy magcT inspection.
efforts have recently been put on enhancing non- The second section focuses on eddy current exitati
destructive evaluation (NDE) methods to accomplistyng sensing. Harmonic excitation as well as newly
their challenging missions. y applied pulsed one are considered. Special atteistiput
Different physical principles are utilised for then- 54 ECT sensors that represent the most importahiopa
destructive inspection of materials. One of the MOSjnspection apparatuses.
employed conventional electromagnetic methods @yed  sjgnal evaluation is concerned in the third section
current non-destructive testing (ECT). It origirafeom  panual and automatic approaches are explained. New

the electromagnetic induction phenomena and ityossible application area of ECT are then summdrize
principle underlies in the interaction of induceddg  followed by the conclusion.

currents with structure of an examined body. TheTEC
possesses several beneficial advantages. Theiiefoas
been widely applied for fast primary inspectionniany
industrial fields. However, in contrast to the slitipy of TESTING
the mthoq, recent trends in NDE open severai_l Principle of the method
challenging issues.

The paper summarizes recent trends and The principle of the ECT, shown in Fig. 1, undeslie
developments in eddy current non-destructive etimma in the interaction of induced eddy currents with a
The authors’ group has been involved in R&D adggit structure of an examined body [1]-[3].
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Fig.1: Principle of ECT

A primary alternating exciting electromagnetic diés
generated in the vicinity of a coil driven by a é&m
varying current according to the Ampere’s law:

OxH, =J Q)

ex:

and its driving, the coupling is influenced by the
following significant parameters:

« position of the coil with respect to the object,

« geometrical configuration of the object,

< dimensions of the object, mainly its thickness,

e the electromagnetic parameters of the object
(conductivity, permeability),
e nature of the object (homogeneity, linearity,

anisotropy).

It should be noted that the ECT is the relativehuef
not the absolute one, and gained signals have to be
compared with reference ones. It results in evalnabf
perturbations of the resulting electromagnetiafiel

1.2 Applications of the method and its

properties

Utilization of the ECT in practical applications
depends on a possibility to detect fluctuationsthe
resulting electromagnetic field due to changes ha t
important parameters listed in the previous sulmect

where H, [A.m™] denotes the primary magnetic field The ECT is therefore applied especially in:

intensity vector andle, [A.m?] is the exciting current
density vector.
Electromotive force is induced in a conductive cbje

which is in proximity of the coil according to the

Faraday’s law:

OxE %y 2)
X = -
ot
whereE [V.m™] is the electromotive force vector aBg
[T] is the primary magnetic flux density vector, ifeh
By =tHy, [H.m7] is the magnetic permeability.
Eddy-currents flow in the conductive object accogdio
the Ohm's law:
Jed = JE, 3)
where Joq [A.m?] is the eddy current density vectar,
[S.mis the electric conductivity, and their vectordim
must be closed due to:
O gy =0. (4)
A secondary electromagnetic field.y generated by the
eddy-currents:

DxHedzJedi (5)

counterworks to the primary exciting electromagneti

field according to the Lenz’s theorem.
The induction coupling therefore exists between dbi
and the conductive object. It can be simply consideas

an interaction between the primary and the secgndar

electromagnetic fields.
The resulting electromagnetic field of the coil ahd

» thickness measurements of conductive materials,

e thickness measurements of non-conductive coatings

on conductive materials,

measurements of the electromagnetic parameters

(conductivity, permeability) of conductive matesial

« verification of conductive material treatment,

« verification of selected parameters of conductive
products (dimensions, etc.),

« detection and evaluation of discontinuities (defeat
conductive materials, etc.

The principle of the ECT has been known for several
decades. However, rising employment of the ECT in
different technical applications imposes new chmgleg
appeals on R&D activities.

Nowadays, the most wide spread application area of
the ECT is the detection and possible evaluation of
different discontinuities in conductive materias, called
defectoscopy. Remaining part of the paper is tbeeef
devoted to this domain.

Presence of a defect in a conductive material caase
local change of the material electromagnetic patarae
As the eddy current vector lines must be encir¢gdthe
presence of a defect changes the eddy currenttdensi
distribution. The principle is shown in Fig. 2.

|
| defect

eddy currents

Fig.2: Principle of a crack detection using ECT

The change in eddy current density distribution

conductive object depends on geometrical paramefers influences the resulting electromagnetic field. The

the system as well as on the electromagnetic paeasne
of the conductive object. For the given excitatiae,
configuration, dimensions and orientation of thel(sp

perturbation electromagnetic field therefore occurs
comparing to the no-crack situation and this péstion
field can be sensed and further evaluated. As i wa



already mentioned, ECT is the relative method dred t Modern computational resources make it already
perturbation signal is obtained by subtractinghef ¢rack possible to extensively utilize numerical methoas f
signal and no-crack signal. The perturbation sigaalies electromagnetic calculations. The numerical metheards

guantitative information about an inspected defect. based on distretization of a considered volume amd
The ECT posses several benefits: approximation of solutions. Nowadays, the numerical

« high sensitivity for surface breaking defects, methods are quite matured and they are used tacpred

 high inspection speed, ECT signals in great extend. Three methods are lynain

« contact-less inspection, employed for the purpose: the finite element methbe

« versatility, boundary element method and the finite difference

especially comparing to the ultrasonic testing (Udpe ~ Method [11], [12]. _ _
of the most utilized NDT techniques. These advargag 1he ECT problem can be considered as the quasi-
determine continuously enlarging application arda oStationary one and the displacement currents can be
ECT mainly in nuclear, petrochemical and aviation"eglected. Usually, the electrodynamics potentiaks,
industries [4]-[6]. the magnetic vector potentidl [T.m] and the electric

On the other hand, also disadvantages of the methggalar potentialg [V] are solved. The set of partial
should be mentioned. ECT signals are integral wahrel  differential equations for the model shown in RBgusing
they do not carry explicit information about crackthe potentials under the harmonic excitation wikiagor
dimensions. It means that the inverse problem lis il representation is as follows:
posed. Therefore, evaluating the depth of a ddfeah

the ECT signals is quite difficult [7]. In additipnhe « for Q;: %A =0, (6)
skin-effect concentrates induced currents on théacel . 24 A -

o forQy: O°A - jauoA — uodg =0, 7
of a tested material. Eddy current density decéy®ost orss = _ ‘,u ¢ "
exponentially into material depth and thus incregsi DDV(—D¢—J&A)=0- (8)
depth of a surface breaking defect causes raising o, Qs M2A = - 9)

" ex?

uncertainty of the depth evaluation because ofBG&

signal saturation. . . A
¢ where | is the complex unitw [rad.s"] is the angular

. frequency andr [Q.m] is the resistivity and the dot over
1.3 Analysis of the method the potentials denotes that they are complex gtigsti

Computational analyses are economically much more A detecting coil is not modelled as a specific oegi
effective as well as time saving than trial expental @S it has the same electromagnetic propertieseasith

investigations. Basic model of the ECT for analyisis The phasor of induced voltage in the detecting @il
shown in Fig. 3. The regiorQ, is an ambient Calculated after analysis of the electromagnet@dfi

environment,Q, denotes an inspected conductive objecpased on.

andQ; represents an ECT probe.

Ui:—ja)JBEHS:—jwffAml, (10)
Q s |
whereS [m?] is the vector of the detecting coil active area
andl [m] is the boundary line @&.
Current computer hardware and software means
X'Qsm enable to numerically simulate quite complicated
------------- problems even non-linear with fine enough discesion,
and to gain results within relatively short timeaixdly
the finite element method is used for the calcaotedi

Q,

2 EDDY-CURRENT NON-DESTRUCTIVE
Fig.3: Model of ECT INSTRUMENTIATION

ECT can be analyzed based on the electromagnetic The hardware means of the ECT can be divided into

field theory or the electric circuit one. The laggproach following groups:

substitutes an ECT probe and a conductive objeairby * ECT instruments,

air transformer equivalent circuit and changes of ECT_prqbes, .

parameters of the equivalent circuit are evalugigd * positioning systems and manipulators.

However, this approach is only approximate and

coincidence of predicted signals with measured ases 2.1 ECT instruments

quite low. For this reason the electromagneticlfibeory ) N _

is more preferable for the analysis. ECT instruments supply exciting coils of ECT prabes

The set of partial differential electromagneticidie Sense the ECT signals, process and display them. Th
equations can be solved analytically or numericallyinstruments have been developed for several decates
Analytical approach can deal only with very simliear ~ their functionality is already matured. At firsthaogue

geometrical problems [8]-[10]. However, predicte@TE technique has been employed for the purpose. The
signals correspond well with reality. instrument consists of a source and the Maxwetlderito



detect signals. The signals are then pre-amplifikdred  a tangentially oriented exciting coil has the dital
and processed. Nowadays, the digital technology iproperties.
replacing the analogue one.

The harmonic currents are mostly utilized to drive
exciting coil(s). Usually, several frequencies are
employed for the inspection. The exciting signatsler
different frequencies are superimposed or multipdex
The multi-frequency excitation is especially used t
distinguish between useful signals and background
noises. Sensed signals are processed based on the
symbolic-complex theory. Real and imaginary parts o
the signals are then displayed in time history rothe
complex plane.

The authors’ group in cooperation with Japanese
research institute IlU Corp. proposed a novel aagino
for harmonic ECT excitation. Phase-shifted exciting
currents drive several exciting coils at the saime.tThe
purpose is to suppress eddy current density osutace
of an inspected material and to change its digdinbu
along material depth. By using the proposed approac
deeper surface breaking cracks in massive strictan
be not only detected but also evaluated. More imé&tion
can be found in [13].

Nowadays, a pulsed excitation of eddy currents (PEC

is of high interest. It is a new technique that bagn
particularly developed and devised for sub-surfaeek
inspection and evaluation. Several research gra@ags
well as the authors’ group are intensively workinghis
field [14], [15]. PEC testing applies a broad bgndse
and analyzes the transient voltage response, wtach
yield a signal with a frequency content from DC1@0
kHz or higher. Because the penetration depth ofyedd
currents depends on excitation frequency, thus PEC
testing allows more volumetric inspection and fetch
more information. Gained signals can be analyzetthén
time domain or in the frequency domain.
The PEC technique is still in its early stage ahdst
many challenging issues like adjusting of a drivingse,
possibilities of signal evaluation, etc. are freafle
discussed.
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b) tangentially oriented rectangular coil
Fig.4 Basic shapes and orientations of coils

There are two basic configurations of the probes
2.2 ECT probes concerning the connection between the excitatiocuiti

ECT probes are one of the most important elements 2d the detection one:
the non-destructive testing, because they transfer * self inductance probes,
information between an ECT instrument and a coridect ~ ® mutual inductance probes.
object through the induction coupling. Usually, In case of the self inductance probes, the drizind the
inductance coils are utilized to build ECT probes. detection coil(s) are identical and impedance o th
Features of ECT probes depend on number, shapeQil(s) is evaluated. In the later case, the exgiind the
configuration, orientation, dimensions and conmextiof ~ detection coils are separated and induced voltagbe
coils as well as on parameters of a magnetic dircui detection coil(s) is evaluated. Examples of bothTEC
Due to simplicity of analysis, synthesis, constiarttand ~ Probe configurations are shown in Fig. 5.
production usually coils of a circular shape (Hig) or a

rectangular shape (Fig. 4b) are used to build up th O—‘/'
probes. They can be oriented normally (Fig. 4a) or 1—T1
tangentially (Fig. 4b) regarding the surface ofeated -;.
body. The shape and the orientation of excitind(gpi T

determine distribution of the eddy current densiggtor

in a tested body. Even the electromagnetic coupling =
between an exciting coil and a tested object iskeea ’
when the coil is oriented tangentially, the eddyrents a) self inductance probe
are less attenuated along the object’s depth cangpto

the normal orientation [16]. However, an ECT probth




0— 1 1~ ECT probes are l_JsuaIIy r_nade with the air core.
Exciing I— [ 1>~ Detectior However, ferromagnetic materials are also usedtter
coil +——F I o design to make the core or a shielding of coilg.[20
-?— -E- Magnetic sensors are employed to sense low intensit
O —O perturbation electromagnetic field in ECT [21]. fig 7
b3 2 gives an overview of sensitivity level of variousgmetic

sensors [22].
b) mutual inductance probe

Fig.5 Basic types of ECT probes 187
1E-8+4
AMR
According to the number and connection between 1E-9

detection coils they can work in:
» absolute mode, when an ECT probe consists of
only one detection caoil,
» differential mode, when an ECT probe consists of
two detection coils and they are connected
magnetically opposite,

GMR, MTJ

Fluxgate

Search Coils

1E-144 \ HTS SQUID
1E-154 S

Detectivity (T/Hz"®°)
m

- additive mode, when an ECT probe consists of P eain
two detection coils and they are connected in LE16 \ Low Tc Squids
Series, . 10" 10° 100 100 10° 10* 10°

 mixed mode, when an ECT consists of more than
two detection coils. Frequency (Hz)

The differential connection of detecting coils, wimoin
Fig. 6, is mostly utilized especially because obbing

4 . Fig.7 Sensitivity of magnetic sensors [22]
noise compensation.

Fluxgate, Anisotropic Magnetoresistive (AMR), Giant
Magnetoresistive (GMR) and Spin-Dependent Tunngllin
(SDT) sensors are mainly used in ECT.

The most common fluxgate sensor consists of twés coi
wrapped around the high permeability ferromagnetic
core. Magnetic induction of the core is changedthwy
presence of an external magnetic field. A driviigpal is
applied to one of the coils and the measured signal
taken from the second one. Changes in core periitgabi
affect the measured signal as its amplitude variati
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Fig.6 Differential connection of detection coils

Optimal ECT probe should assure [17]: AMR sensors usually consist of four ferromagnetic

* high sensitivity to expected defects, resistor stripes connected in Whetstone bridge nGés

+ high probability of detection of expected defects,  of magnetic resistance due to applied magnetid fiein

» possibility to distinguish parameters (location,be up to 3%. AMR sensors offer small size and noise
dimensions, etc.) of expected defects. sensitivity.

Exciting coil(s) of ECT probe should thus inducedgd GMR sensors use the phenomenon of large magnetic
currents with high density and such distributioatteddy field dependent changes in resistance in thin

current lines are significantly perturbed when tedeis  ferromagnetic/nonmagnetic metallic multilayer
in presence. The detection circuit should assus thstructures. Comparing to small changes of resistanc
maximum of the perturbation field is sensed. AMR, GMR material can achieve about 10% - 20%

The detected signal is a complex variable depending changes in resistance. The resistance of two thin
many parameters. The one that is of interest iscall ferromagnetic layers separated by a thin nonmagneti
change of the material electromagnetic parame@fser  conducting layer can be altered by changing the emtsn

parameters such as: of the ferromagnetic layers from parallel to ardrgdlel.

» distance between a probe and the surface of dmayers with parallel magnetic moments will havesles
inspected body, so called lift-off, scattering at the interfaces, longer mean freespathd

* inclination of the probe, lower resistance. Layers with anti-parallel magneti

« geometrical arrangement and dimensions of th&oments will have more scattering at the interfaces
inspected body, shorter mean free paths, and higher resistance.

« construction inhomogeneities of the inspected bodypDT structures are very similar to those of GMReTh
(for example welds), difference is that an extremely thin insulating days

« surface treatment of the inspected bodly, used insteaq of the conductive in_terla}yer sepaydtie

. presence of near conductive objects, etc., two magnetic layers. The conduction is due to quant

can negatively influence the sensed signals. Howevetur:)”e"ing ghrough the insulator. Changes in resise of
those influences can be suppressed by an appprie@tOA’tO 40% have been observed in SDT structures.

design of a probe and its optimization [18], [19].



Many ECT probes have been developed over paststimated from this phase information when it is
decades reflecting special demands of particulacompared with signals of known artificial defects.
applications. Probe design and development is sfill However, there is an intention to turn this ,antitd a
high interest because, as it has been already omexti quantitative science.
the area of ECT utilization is gradually wide-sptieg. The progress in powerful computers has allowed

The authors’ group developed a new probe based aleveloping of automated procedures to make deasion
the principle of phase-shifted excitation briefly Two approaches are utilized for automatic evalwatio
introduced in section 2.1 [13]. Configuration oéthrobe procedures in general:
is shown in Fig. 8. e deterministic,

« stochastic [12], [23], [24].

inner exciting coils Usually, one dimensional signal gained by scanfisg
above an indicated crack along its length is takeran
input to the evaluation procedure. Mostly, thregakdes
of the defect are estimated, its depth, length @osition
of its centre, while a profile, a width and the
electromagnetic parameters of the defect are ajust
advance.

The deterministic methods are the model based. They
work according on difference minimization between
measured and simulated signals. The process #ivter
and therefore large number of forward simulatioss i
required. Databases of pre-computed signals [23]edk
as parallel computing on supercomputers [25] cdp foe

: shorten the evaluation time.
Fig.8 Configuration of a new probe The stochastic approaches simulate the mapping
between eddy currents signals and defect profitesed
The probe is of mutual induction type and consi$tiour ~ ON Many known datasets. So called evolution algas,
coaxial exciting coils and one detecting coil. Tineer ~ for example neural networks, genetic algorithmse ar
exciting coils and the outer ones are connecteskifes, Utilized for the inversion [26], [27].
respectively. The two groups of the exciting caile Satisfactory results are reported by several gréops
driven by two harmonic currents with a same frewen evaluation of artificial slits [24] Even Very srhatacks
but different phases. Proper adjustment of thetation ~ With dimensions in a range of tenths of millimetcas be
circuit allows to change exponential profile of teedy detected with high probability and their dimensiaas
current density distribution under the detectingl éo  Pe quite precisely evaluated. Good results are also
such a way that zero density is obtained on thiaseiof re_ported for evaluation of sgveral close paralra'fial
a tested material. The probe is designed for ingpeof  Slits [28]. However, evaluation of real cracks, eplly
deeper surface breaking defects in thicker strestur Stress corrosion cracking (SCC) remains still very
Numerical investigations as well as experimenta@ifficult [7]. It has been found out that a numeatienodel
verifications revealed that the probe can be usmd fOf an SCC is quite different from the one of anfiaral
evaluation of surface breaking cracks with a degthto ~ Slit. SCC is partially conductive and thus the Widif a
25 mm. In contrast, an ECT probe with standarctrack also strongly influences the sensed sigr@l. [
excitation can be employed only up to a depth ofib@ Means that another two variables, i.e. width and

under same conditions. conductivity of a cracked region, should be taketo i
account for the reconstruction. The ill-posednelsshe
3 EDDY-CURRENT NON-DESTRUCTIVE inverse problem is therefore increased [30]. Maifyres

are devoted to develop reliable techniques for SCC

EVALUATION evaluation. Proper numerical modelling of SCC cgack

3.1 Evaluation of crack dimensions [29] and approaches to increase information level
contained in signals are mainly concerned [31].

ECT signals are integral values and they do natycar A unique idea for enhancing sizing ability in eddy-
explicit information about the crack dimensions.current non-destructive testing has been propoygetthéd
Therefore, evaluating the depth of a defect fromBECT  authors’ group in cooperation with the Japaneseares
signals is quite difficult, because the inversebfgm is institute 1IlU Corp. [31], [32]. A detected crack is
ill-posed. inspected using two different ECT probes driverthat

Commercial NDT systems provide raw data withsame exciting frequency but producing different yedd
limited or absent capability of interpreting quéatively  current distributions. The crack signals obtaineththe
the data. They can detect an anomaly but theysarally  two probes are linearly superposed and a uniquesva
unable to find its shape and dimensions [12]. Tafyc  the ratio of superposition is extracted from thexedi
commercial systems rely on calibrated curves medsur signals. Numerical investigations and experimental
on pre-fabricated etalons and on the skills of perator.  verification revealed that the value provides clear

The maximum value of sensed ECT signal andndications of the crack’s depth. In addition, thepth of
especially the signal phase in this point depenchijman  a notch five times as deep as the standard depth of
a crack depth. Thus, a crack depth can be roughlyenetration was well evaluated using the method.
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