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Abstract: Non-destructivetechniques areisedwidely in the metalindustry in orderto
control the quality of materialsEddy currentesting is one of the mosixtensively used
nondestructive techniquelr inspectingelectrically conductivematerialsat very high
speedghatdoes not requirany contact between the test piece and the sefibis paper
includes anoverview ofthe fundamentals andhain variablesof eddy current testingt
alsodescribeghe stateof-the-art sensos and modern techniques such as mifiléquency
and pulsed system&ecentadvances in complex modelewards solvingcracksensor
interaction developmertin instrumentatiordue toadvancesn electronic devicesaandthe
evolution ofdataprocessinguggesthat eddy currentestingsystemswill be increasingly
usedin the future.

Keywords: nondestructivetesting eddy current magnetic field; sensor coil probe
impedancecrack; impedance plane; conductivity

1. Introduction

Non-destructive techniqeare used inthe metalindustry and sciencen orderto evaluate the

properties of avide variety of materials without causing dama@eme ofthe mostcommon non
destructive techniquesare electromagnetic, ultrasonic anéjuid penetranttesting One of the
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conventional electromagnetic methods utilized for the inspection of conductive maseichlsas
copper, aluminum or stel eddy current on-destructive testinff].

Electromagnetic methods such as eddy curmeignetic particle oradiographic and ultrasonic
methodsall introduceelectromagnetic or sound waves into the inspected material in order to extract its
propertiesPenetrant liquil techniquegsan detect cracks in the test material by usitiger fluorescent
or nonfluorescentdyes In addition to these methods, scientists suchShsjuanet al. [2],
Noorian et al. [3] and Aliouaneet al. [4] have reseached nondestructivetesting based ora
combination of edctromagnetic and sound waves using electromagnetic acoustic transtesers
known asEMATS.

The principle of the eddy current technique is based on the interdetareen a magnetic field
source and the testateral. This interactionnduces eddy currentsn the testpiece[1]. Scientists can
detectthe presence of very small cracky monitoring changes in the eddy current fléjv

This paper reviewsan-destructive eddy curretgchniqus thatpermithigh-speedesting[6] of up
to 150 m/9 7] underharsh operating conditions whesther techniques cannot be useddy current
testing is especially fastt automaticallyinspectingsemifinished products such as wires, bars, tubes
or profilesin production lines.The results of eddy current testing gueactically instantaneous
whereas other techniques such as liqpadetrantestingor optical inspectiomequire timeconsuming
procedures that make it impossib8, even if desired, to inspect all production

Eddy currenttesting permits crack detection in a large variety of conductive materiaither
ferromagnetic or noffierromagnetic whereas othenondestructive techniquesuch as themagnetic
particle methodare limited to ferromagnetic metals. Another advantagthe@gddy current method
over other techniques is that inspection canitmplementedwithout any direct physical contact
between the sensor and the inspected piece.

In addition, a wide variety of nspectionsand measurementnay be performed with the eddy
current methods that ardeyond the scope dafther techniquesMeasurement®f non-conductive
coating thicknes$9] and onductivitycan be done. Conductivity is related to the composition aat h
treatmentof the test material. Thereforeéhe eddy current method caaso be used to distinguish
betweenpure materials and alloy compositisand to determinéhe hardness ofestpiecesafter heat
treatmentg8].

Since he 1950s the role okddy current testindnas developedincreasingly inthe testing of
materials especially in the aircraff10] and nuclear industriegll]. The extensive esearch and
developmentn highly sensitive eddy curresensors and instrumeraserthe lastsixty yearsindicates
that eddy current testing csirrentlya widely used inspection technique.

This paper presents the basis ofnalestructive eddy current testiaad provides an overview of
the researclkbonducted bynany autha who continue to develoghis technique. fie fundamentals of
eddy current inspectioand the mairvariablesof this techniqueare presented in Sections 2 and 3
Section 4reviewsthe stateof-the-art sensos and research Section 5reviews the state of modern
equipment and Section 6 presestthe applicationsand research trendsf eddy current inspection
Finally, Section7 presents a discussion of eddy current testing
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2. Principles of Operation of Eddy Current Testing

The objective of thissectionis to describe theprinciples of eddy currentesting A transformer
model is presented talemonstratehe fundamentals of eddy curreinduction and the impedance
changes thatccurin coil sensorsAfter presenting operating principlese presenablock diagram of
the constituenparts ofeddy current testingquipment

2.1. Electromagnetic Induction and Eddy Current Inspection

Every coil is characterized by the impedance parandetevhich is a complex number defined as
in Equation(1) andwhichrepresents theoltagecurrent ratio @ 7O) for a single frequency sinusoidal
excitation"Q Impedanceév has a magnitudgssand a phase:

. s . N e .
A e Y @ Y @ Qb Y A . SIS (1)

When an alternating current energizes a, todreates a tim&arying magnetic field. The magnetic
lines of flux tend to be concentrated at the center of the coil. Eddy current inspection is based on
Faradayodos el ectromagneti c i nd(@cRaiadandistoeered thasa d e
time-varying magnetic induction flux density induces cursemt an electrical conductorThe
electromotive force is proportional to the timeate change of the magnetic induction flux denity
5 @
Q0o

When an alternating energized coil of impedadzeapproaches an electrically conductive
nonferromagnetic material, the primary alternating magnetic field penetrates the material and
generates continuous and circular eddy currents. The induced culoanigy within the test piece
generate a secondary magnetic field that tends to oppose the primary magnetasfighdwn in
Figure 1. This opposing magnetic field, coming from the conductive material, has a weakening effect
on the primary magnetic fieldn effect, the new imaginary part of the coil impedance decreases
proportionally when the eddy current intensity in the test piece incr¢a8esEddy currents also
contribute tothe increasng of the power dissipation of energy that changes the raalgbecoll
impedance. Measuring this coil impedance variatiom & to &, by monitoring either the voltage or
the current signal, can reveal specific information such as conductivity and chemical composition of
the test piecgl3].

Figure 1. Primaryand secondary magnetic fielddy current on thiest piecdadapted fronj14)).
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2.2. Complexxmpedancé’lane

This subsection describes the coil impedance chatigegsoccurwhen a coil probe interacts with
materials and presents the normalized impedance plane. When there is no test piece close to the cc
sensor, its impedande is a complex valueas Equatior{3) shows:

® Y © (3)
where'Y and’@ are the real and the imaginary part @f. The componenty ¢* '@ is
proportional to frequenciand the induction coefficierit .

When a conductive test material approaches the energized coil probe, eddy currents appear on th
test piece. Eddy ctents create a secondary field that interacts with the primary field. As a result, the
new impedance i® as Equatiorf4) demonstrates

» Y @ (4)
where'Y and’@® represent the real and the imaginary part$ othend®  ¢* '@ is proportional to
frequencyQand the induction coefficierit when a test piece is close to the coil.

Coil impedance is a twdimensional variableand the real and imaginary parts can be represented
on an impedance plane. TheaXis plots the real part of impedanead the Y-axis represents the
imaginary part. Real and imaginary impedance parts oin be redefined & andd® to obtan

the normalized impedanesFigure Za) showd12,15]. Equation(5) indicates the transformation:

Y . W
No = (5)

w

Y

The normalized real part dgie new impedance’ is O when there is no changetirereal part of
theimpedanceY is divided by the imaginary part of the impedariewhen there is no metal near
the sensord represents the number of times that the new imaginary pértisfbigger or smaller
than the imaginary part when there is no tacgefTo summaize, this transfornation meanghat when
there is ndest piecenear the coil the new impedance values becd¥me mand® p. This point
iscall ed ®air point?od

Figure 2. (a) Normalized impedance pland.ift-off curves and cracklisplacement at
impedance planfor two values of conductivity P1 and Padapted fronj12)). (b) Altered
eddy current flow by a crack on the surface.
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2.2.1. Non-ferromagnetidVaterial Approach

When anonferromagnetionaterial of conductivity, approachethe coil probeencircling eddy
currens appearThe displacemendf the normalized impedance plaisethe line fromthe air point
to0 . This is he lift-off line for this material in which conductivityis, . At0 'Y tas eddy
currents create additional power dissipation ontést piece However® p, which means that
@ ®. This is the effect of weakeninthe total field inside the coil core due to the secondary
magnetic field from eddy currents.

If less conductivematerial(, ) is approached, , , the displacemens alonganotherlift -off
line from air pointd to 0 . Eddy current flow decreasesith respectto P1. Thus the change of
resistivity of the coil is smaller thad astt 'Y Y . Thesecondarynagnetidield, due to eddy
currens, is not as strong @s so thatt @ p.

When a crack is present in thest piece it obstructs the eddy current flovas Figure Zb)
illustrates There is a displacement froin or 0 . This causeghe eddy current patio becomdonger;
and the secondary magnetic fielifom the eddy currentss reducedIn conclusion,the real part of

impedanceY , Which is related toeddy current dissipationjecreasg'Y Y , In
addition to thatthe sum ofthe primary magnetic field and secondary magnetic fietleases, which
meanghat the inductive g@rt of impedance increasesy @

When approaching low conductive materials, differences between todf lffirection and defect
direction are less significamthen compared to poind ; therefore, it is more difficult to distinguish
between liftoff and defect indications.

2.2.2.Ferromagnetid/aterial Approach

When a coil probe is close proximity toa ferromagnetic materiauch as steel or pure iraie
reactance® p increags instead of decreases Faromagnetic materials, whose magnetic
permeability is greater than the valueof nonferromagnetic materials, concentrate the primary
magnetic fieldof the coil The increase in therimary magnetic fieldovershadows thesecondary
magnetic fieldof the eddy currentsThe displacement is from to 0 andoccursin the impedance
semiplane® p, asillustrated inFigure 3

Figure 3. Impedance plane for ferromagnetic and-f@momagnetic materials.
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This demonstratethattheimpedance plane is dividedtatwo semiplanesasseen inFigure 3 The
normalized imaginary part of impedane p is the operating area of nderromagnetic materials.
Lift-off and defects occur in this part of the plai®&e normalizedmaginary part of impedance
@ p is thehalf part of theplanein whichferromagnetic materialsccur.

When acrack appears, iproduce the same impedance effeetisnonferromagnetic materials. A
decrease in power dissipatign 2 and an inpease in the imaginary part of the impedance
8 8 occur.

2.3. EddyCurrent TransformerModel

The transformer modedf Figure 4presents a diagram difie basicprobeflaw interaction.Some
authors such aBlackoet al.and Penget al. haveproposedhis model to explain whatccurswhenthe
space betweea coilprobe andatest piecevaries[12,16]. The primarycircuit, whose impedance tise
ratio® —, represers the coil sensor The secondary circuit represents test piece The real

impedanceY represents theesistance of the lospdescribed bythe flow of eddy currentsThe
resistor'’Y is consequently proportional tthe resistivity of the test pieceThe imaginary term
D representshe leakage inductance ofethircuit. Finally, the coupling coefficientis linked to the
distance between the sensor andtéisé piece. The coefficief@decreases when the distance increases.

Figure 4. Model of coil-targetinteractionbased on a transformg@dapted fronj12]).
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The following Equationg6) and(7)ar e obt ai ned MoltageiawKo descrinéthef f 6 s
transformeiin Figure 4
YO Q00O N0 0O w (6)
YO MO VOO O O m @)
where the pulsation is related to frequenciQas] ¢“ "QY and0 are the resistance and
inductance of the primary coWwhen no test piecés near the cojl'Y and0 are respectivelythe
resistance and inductance of the induesllly current loopand 0 @ andd W are the
mutual inductance between the two loops.

When there is ndest piecenear the coilsensor, the coupling fact&ds zero and theneasured
impedancds @ of the primary circuitas presentedn Equation(1). Whena conductivetest pieces
approachedthe complexmpedancef the primary circuibecomesd as formulated ifEquation(8):

Q0 07

O Y Q7 v @ @ (8)
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The inductanceand resistivityof the primary circuit can be identified frofaquation (8) as
demonstrateéh Equatiors (9) and(10) respectively The equivalent inductandedecreases due to the
induced eddy currenti contrast, the resistivity increases

1 Q00 O O

0O 0
Y 10 O ©)
v oy 1 Q0O0Y 10
Y 10 O (10

From Equatior(8) thenormalizedreal and imaginarpart of impedancéY andd arepresented
in Equationg11) and(12) [12,16]:

v Y Y Q071 Y
QD Y 07 ‘O (1D
A O 01 O 01 O Qo1 Y
W — P s - - P . : o o
R Y 01 © Y Yy 01 O (12)
07 O v
Y

Assumingthat'O,"Y and0 do not depend on the distance between the sensor and thetteget,
lift -off line for afixed frequency in the normalized impedance plaae beplottedwhen the coupling
factor'Qchanges.

24. MagneticField Sensorsfor Eddy Current Testing

Thesenondestructivetechniques neetb pick up the magnetic flux from eddy currentdany
important developments have been misdeagnetic sensoduring the past 60 yeafd7]. Novkovski
hasresearched the recent progressstatteof-the-art magnetic field sensors such as inductive coils,
fluxgate magnetometers, proton precession magretys, superconducting quantum interference
devices SQUID, Hall effect devices and magnetoresi$idfis Nowadaysthe trendin magnetometer
developments towardminiaturization and researcheeselooking for newways to reduce the size of
these sense. Section 4 reviews thenost common stateof-the-art sensorsusedin eddy current
testing.

The magnetic field is the result of distributed currents and the distribution of ferromagnetic
materials around the senddf7]. In regions where no currents flow, tmeluctionfield is the gradient
ofapotentiabt hat sati sfi edql3[18pl aceds Equation

A N6, 6 T (13

Some authors suchs Backis consider a twalimensional vector fieltA defined in some open
subset 6 U 6 @U of the Euclidean plane wheté @ E [19). The field’Ahas real and
imaginary componentas Equatior{14) demonstrates

O VIRL (14
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Determining the real and imaginary componentsAdfas &veral applications.For instanceby
measuring the field on a grid of points, it is possible to reconstruct the cyrt&ht$his is an inverse
problem whichis solved inmanynon-destructive test[17].

2.5. Elements of &asiclnspectiorSystem

Figure 5 presentsa block diagram of analog@ddy currentequipment It includesa single tone
generatorwhich energizes théest coil sensor Phase, frequency and amplitude can be adjusted to
optimum parameters fathe test piece. When a crack occurs the coil impedancesxperiencesa
changeThe defect signal modulates the tdrem the oscillatorA quadratureamplitudedemodulator
extracs the defect signataused byhe impedance variatioriThe demodulatooutputs are Xaxis and
Y -axissignals Each component repressiite real and imaginary pamf theimpedance respectively.
These signalsan befiltered and analyzed.

Figure 5. Block diagramof an analog eddy current system.
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The voltage signals, which represent the impedance changes in the inspection coitjisplayped
on a XY plot.Figure 6illustratesa typical loop of an impedance plane on a XY plot when a flawed
tube is inspected using a differential coil prob#ost eddy current systems permit configuring of
alarms on an XY plot to distinguish between félor unflawed test pieces. Alarm events can activate

analog or digital outputs. In addition, modern eddy current equipment usually has digital inputs such as

test piece presence or encoder connectors to start testing or to measure the speed of iaspected b
tubes respectively.
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Figure 6. (a) Typical loop of a complex impedance plane of a differential probe inside a
tube affected by a flawadapted fron13]). (b) Real and imaginary part of impedance

changevs.time (adapted fronf13]).
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3. Main Variables of Eddy Current T esting

This sctiondiscusseshe main variables of eddy current inspection. These variaidégle the
electrical conductivity and theagnetic permeability of thiest piecelift-off between the coil sensor
and the inspected piecthe coil fill factor for encircling probesthe edge effectthe skin effectof
current distribution irthe test piecethe phase lag and tlsggnal to noise ratioThe lastsubsection
overviews the relatio between the equivalence model of eddy current sensotkeinapplications.

3.1.Electrical Conductivityof the Test piece

Materials have a characteristic resistance to the flow of electricity which is characterized with the
magnitude electricatonductivity & or its inverseresistivity” —. Conductivity is crucial in eddy

current inspection

Highly conductive materials such as cooper and alumiotgate intense eddy currents drale
two advantage®ver lessconductive materials. First, crackgnerate higher signal levelas the
impedance planen Figure Za) illustrates.In additionto that the phase lag betweehe flaws and
lift -off line is largerwhen highly conductive materials are testbdt ise » asFigure Za) shows
The disadvantage of hidyr conductive materials is that the standard penetration depth is lower at a
fixed frequency tha in lower conductive materialgich assteel and stainless steBactorsthatexert
an influence inconductivity are the temperatire of tre test piece the alloy compositiorand the
residual stressvhich is related to the atomic structure

Many authors have measured residual stress using eddy current techniquesarCdasect very
small stress variations in ferromagnetic steels due to the magjast@ effect[20]. Stress can be
measured based on the changes in the impedance of an electromagness Figiire {ab)
shows[21]. The impedance change occurs duevamiations in the electrical conductivity and the
magnetic permeabilitgf the test piece
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Figure 7. (a) Resistance as a function of mechanical str@stapted from[21]).
(b) Inductance as a function of mechanical st(adspted fronj21]).
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Heat treatmentgausevariations of hardness, whichre relatedto conductivity as Figure 8
illustrates Eddy currentan detectvhenpieceshavereceiveal a heat treatmerats well aghe severity
of the treatmentThe eddy current testing caalso characterize grain size changes after thermal
treatment based on conductivity and magnetic permeability chd@gpsAs Figure 9shows, the
hardness is invergeproportional to the grain siZ@2].

Figure 8. Variation of aluminum conductivity witheat treatmenadapted fronj23)).
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Figure 9. (a) Grain size versus exposure time, 20NC6 st@elapted from[22]).
(b) Hardness (Brinell) versus exposure time, 20NC6 g&ekpted fronj22)).
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Some authors have published papers relatedetoonductivity of thetest pieceas it is one of the
most important variables in eddy current testing. S¥aal. presentech method for the reconstruction
of conductivity profiles from eddy current impedance change [@a This is an inverse problem
which solves the conductivity profile of the material from the electrical signal obtained in the eddy
current inspection. On thather hand, other authors suchUmal et al. havepublishednumerical and
analytical method$for compuing the coil impedance whearbitraryradial conductivity changesccur
in the test piecg25].

3.2.Magnetic Permeability

Magneticpermeabilityp is a number thagquantifiesthe degree ofnagnetic induction Bf materias
when amagnetic field H is appliedsshown inEquation(15):

6 t©O (15

Magnetic permeability p is a scalar in isotropic mediuni3ee space has a characteristic
permeability constarit . In manyinstancesthe permeability of materials is expressedrelative
permeabilityf in respecof free spacé as Equatior{16) shows

‘"t ;where T“z2p m UTO (16)

Materials can be classified heir magnéic propertieswhich strongly affect the eddy current
tesing. The most common classification ahaterials depending otheir magnetic response is
presented below:

1 Firstly, paramagnet materials, such as aluminuare softly attracted to magnetic fields and
hence have a relative magnetmermeabilityslightly greater than oné p.

1 Secondly, tamagnett materias like copperandlead create a magnetic field in opposition to an
externally appliednagnetic field thus causing aoftly repulsive effect. Mgnetic permeability
is less than ; thereforetherelative permeabilitys a bit less than oné p.

1 The third group of this classification iesrmed byferromagnetic materialsuch adron, nickel,
cobaltand some of their alloy§hese materialare strongly attracted by magnetic fielasd
concentrate the flux of magnetic fisldTheir relative permeability is much greater thane
‘| p.One hundred or two hundred are typical values of relative perimgab

Figure 10shows twomagnetization curves of unannealed and annealed steel and plots the relation
between B and H field6]. The relationship between H and B is not linear and presents hysteresis in
ferromagnetic materiald’he curve may be divided into two parts divided by the knee of the curve.
The first part of the curve has the greater slope, and the second part has the smallg@7slope
Saturation state is reached when the increase of H causes very little incregsasikidgire 10
indicates.

High magnetic permeability makes the standard penetration depth decrease. In order to compensat
for this effect and explore the material internally, ferromagnetic materials are inspected at lower
frequencies than neferromagnet ones.
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Ferromagnetic materialsave a characteristic property, which is a high permeability variation that
presents particular difficulties when testing eddy current {28y. The following subsection explains
this phenomenon.

Figure 10. B-H curvein high nickel stee(adapted fronji26]).
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3.2.1.Magnetization oFerromagnetic Materials

Large variability in magnetic permeability is aharacteristicof ferromagnetic materialsThis
permeabilityvariationstrongly influences the eddy currdidw. However, eddy current tests can also
be applied to ferromagnetic materials, as the conductivity changes wdrackas close to the coil
probe.

The disadvantagef inspecting magnetic materials is that permeability changes generally have a
much greater &ct on eddy current response than conductivity variations. Hdierogeneityneans
that crack detection is not possiblden permeability changes randomlyhe equalizationof the
permeability is often related to how the test piece was manufacf@8pdThe heterogeneityof
permeability for cast iron is stronger than that of carbon &gl

This is a problem that many authors have taken into acddmatet al.calculaedthe impedance of
a cylindrical aircore probe over a layered metallic matemdiose conductivity and permeability
varied continuously as arbitrary functions of the defif).

The solutionallowing theaccuracy of the measuremaiftferromagnetic materials ia processhat
equalizespermeability [28], such as amagnetization by nansof a saturating direetumrent coil
Saturatedmaterias have a constantagnetic permeabilitand can be inspectedth greatly reduced
influence on permeability variationsThe test piecemust beadjacent tothe magnetier coil. The
magnetization curremhust besufficiently strongenoughto producemagnetic saturatior-urthermore
ferromagnetic materials can be magnetized ramyglaoie to industrial processes which present
difficulties in eddy current testing. Researbas been conductedh order to exploremagnetizing
systems for eddy current inspectidror exampleKasai et al. have used magnetization to cancel
external magnetisi80].

3.3. Lift-Off

The lift-off is the impedance change that occurs when there is variation in the distance between the
inspectioncoil probe and thetest piece The lift-off variations can be caused by varying coating
thicknesses irregular sample surfasertheo p e r anowvemeds$31]. The magnetic field is stronger
close to the coil, so liftoff is stronger near the probén many applications, eddy current
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measurements are adversely affected byofift[32]. Lift-off is considereda noisesource and it is
undesirablein defect detection Lift-off could occur in the same direction as theack thereby
concealingthe crack response. Therefore, the distance betwd#enprobe ad metal must b as
constant apossiblein orderto avoid lift-off.

At the normalized impedarcplaneof Figure 11 the lift-off curves start atheair point it , when
there is ndest pieceln this caseair point is TiTt instead of Tip asdiscussedn the previoussection
because a different transformationtire Y-axis has been used as showrkEguation(17). Air point
corresponds t@ @ and therefore the normalized imaginary pariull T

0

= (17)

o

Figure 11plots lift-off lines in steps of 0.inm. The impedance values are plotted using triangles. In
some cases, when measuring the thickness etanductive coatings over metal, off is employed
as a useful propertyrigure 11demonstrates that when the test piece is closely adjacent toithe c
probe, the triangle separation is larger than when the test piece is further away. This means that the
resolution to measure na@onductive coatings is greater for thin coatifff.

Figure 11 Lift-off in steps of 0.Imm (triangle) and tilt in stepsf 10 (round)for a
normalized impedance plaf@dapted fronj33)).
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Lift-off is explained using a coil whose axis is normal totés¢ pieceHowever lift -off also acurs
whenthe test ionductedisingencircling probes. The vibration of the rod or the tube inside the probe
generates noise whicpresentsdifficulties in conducting inspectionsSome authorsncluding
Theodoulidiset al. were consciou®f lift-off testing tubes. They presented an analytinadel of
wobble in heat exchanger tube inspection with bobbin {8u&. Figure 12illustratesthe offset
position of the tube inside the bobbin coils.
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Figure 12. Wobble simulation: a bobbin coihen offset position to a tul{adapted fronj34)).

There are methods for Htiff compensation when eddy currents are used in order to detect cracks
and liftoff becomes an undesired variable. For instance, éfiral. researched dual excitation
frequencies and coil design to minimitee lift -off effect [32]. Research into processing data is also
conducted, with a view to minimizine lift -off effect. Lopezet al. proposed the use @faveles to
remove eddy current probe wobble noise from steam generator[88efeduction of the lifoff
effect hasalsobeen attemptely optimizing thecoil design[36] andsensor array

Authors such as$ui Yun et al. have researched the reduction of-d¢iff effects via normalization
techniqueq31]. The technique can be applital the measurement of metal thicknelssneath non
conductive coatingand to the measurement wiicrostructureand strain/stress, where the output is
highly sensitive to the lifoff effect. They proposed an approach using two reference sigakislated
in two stagessFigure13shows.

Figure 13. Diagram block using normalizatido reduce liftoff effect(adapted fronj31]).

Ref. signal 1 (no Ref. singal 2 Ref. signal 1 (no
Defect Signal samples from a good samples
present) sample present)
Subtraction Subtraction
Normalization Subtraction Normalization
Output

The first stagewas aimedto reduce the lifoff effect and usal the first reference signal ¢
obtainedwhen the probgvasin the air.By doing so, heycreatel a newy derived defect signalf &
thatwasrelatively free of liftoff variation as Equatio(i8) shows:

o & —
|l A@ ¢ ¢

(18)

where the defect signalis ¢ ,&¢  plthe) and{ is the number of sampled data for each signal.
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The secondstagewas to work out therack information They usd a second reference signal
w ¢ , which wasobtained from a good sample parhey also derived the normalizedreference

signalf ¢ as Equatior{19) shows:

o ¢
[ Adbd & & ¢ (19)

Finally, a new differential signalasworked out agquation(20) indicates. The authors obtained a
significant lift-off reduction

Qe e o ¢ (20)
3.4.Fill Factor

Fill factor is a number which measures how well tbst piecdills the colil in externalencircling
probeslt can be calculated &juation(21) demonstrates
0 QwaiQo Q

o -
S 0QGLGIN0 Q 2D

where0"QiM aiQ 0 Q s the test piecdiameterandO "Qw G iQ 6 iQthe diameter athe coil probe,
assuming that bottliametersare measurenh the same units.

Fill factor is the ratio of the cross sectional area of the test piecaraadofthe coil sectionlt is
necessary that the coil wirbsas close as possible to ttest piecein orderto havea greateresponse
potentialto cracks In other words, it is desirabfer thefill factor to beas near as possible tmity.
For the internalinspection of tubes, a probe is introduced using a guidance sy&tenill factor is
redefined as follows iEkquation(22) whereit alsodemonstrags the desire that is nearer to .one

N, O0MQwaiQo Q
Qoo e e (22
O QwaiQo Q

where0"Qw aiQ 0 iQ the outer diameter of the coil probe 8@dQ® aiQ0 Q is the inner
diameer of the test piecassuming that botthametersare measurenh the same units.

3.5.Edge Effect

Edge effect is @henomenorthat occurs when an inspection coilaisthe end of theest pieceln
these instancesddy currenfflow is distortedascurrentscannot flow at the edge. So,orderto avoid
the confusionwith flaws, inspection is limited near edges. The distance where the edge effect is
present is fromapproximatelyone to three times the diameter of the inspectioninoihe case of
ercircling probes Soa reduction in coil sizeeduceghe edge effect, althoughere is a limit, ashe
diameter ofxternalencirclingcoils must bénigher tharthat of theinspected materials.

Some authors havepecifically addressedhe edge effectin their research For instance,
Theodoulidiset al. proposed a model to calculdtee quasstatic electromagnetic field of a cylindrical
coil in the vicinity of the edge of a metal blof¥7]. The authors obtained someadytical expressions
of fieldsthatprovidad a better understanding of the edgfectand fornedthe basis of a procedure for
solving a whole class @&dgerelatedproblems
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3.6.Frequency andkin Effect

Frequencyinspection ineddy current testg is crucial to detestg flaws. When ixing a frequency,
the initial coil impedanceé is adjusted. When inspection frequeri@g increased, the imaginary part
of the impedance is increasaslEquation(23) demonstrates

O Y @ (23

where® ¢“ W is the inductive reactance of the coildhms( Y, XJis the test frequency in Hertz
(Hz) andb is theinductance in Henrys (H).

Eddy current flow is not uniforry distributedthroughout theentire volume otest piecs. Current
flow is stronger at the surfacdecreamg exponentiallyby increments irrelation to thedistancefrom
the surface Assumingthat the currentlensity flowing along X axisEquation(24) represents this
current flux:

® 0 G zop (24)

whered pthe unitaryvector along X axis and &hd is the magnitude of density current as function of
deptha and timed. Equation(25) shows thephasormof the current density along depth (Z aXi3g):

va ovp QQ (25
where0; is the maximum current density at surfacd ais depth.The standardgnetration depth
1 is thedepth atwhich the eddycurrent density decreases to a leviedbout37% of its surface value
The term isthe phase d manda mand -is the phase ladquation(26) demonstratethe
current density as a real sigrja8]. This equation is extractddom Equation(25) taking the real part.
It revealghat the current densiphasevariesl radanwhen the distanceaveledfrom the surface is:

. . Q
0 ad  YQWag 2 Q p Q°Al DO | 1; (26)
Standard penetration depth depends on electrical conducthatynagnetic permeability of thest
material and orthe eddy currentfrequency. Standardepetrationdepth is loweras conductivity,

permeability or inspection frequencyincrease The penetration depth can be calculated as
Equation(27) expressef38]:

S

| = (27)
where] is the standard depth of penetrationnieters, is the conductivity inpj ma ,* is the
magnetic permeability * * and] ¢ "QThe testing frequencys in Hz. Resistivity” is the

reciprocal ofconductivity” pj,. As an exampleFigure l4illustrates the electromagnetic field
penetration inside aluminuat two different frequencies (200 Hz and 10 kHi2§]. Typical values of
standard penetration depth for pure aluminum arerdré@t 200 Hz and 0.84vm at 10KHz.
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Figure 14. Electromagnetic field penetration insigmire aluminum at frequenciesf
200Hz and 1KHz (adapted fronj38)).
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Equation(27) demonstratethat low frequency testecreasehe standarddepth of penetratioand
are more suitablefor inspecing subsurface flawsSome authordiave researchedhe detection of
subsurface defectsincluding Ramos et al. regarding the characterization ofdepth profiles of
subsurfacelefectan aluminum plate[3§].

Skin effect is also a limiting factor of increasing frequency as desirbd.thickness ofthe
inspected materiahust betwo or three times the standard depth of penetratiqordeentthe eddy
current flowfrom appeaing on the other side of the test pge

Typical inspection frequencies in eddy curréedtingare in the range of 100 H0 MHz. Most
authorssuch aditchburnet al. [39] and Thollonet al. [15] use this rangeHowever,a few authors
such asOwstonuse higher frequencie®©wston described a high frequency eddyrent apparatus
working at 25 MHz for detecting surface defects and thin metallic cogdtfs

Low frequency testare commonly used in the inspection of ferromagnetic materials toecsaie
for their high permeability and penetrate into the test piece. On the other hamdpttion of small
discontinuities occurring in the neaurface region isecommended at high frequency to maximize
eddy current flow at the surface.

Skin effect and other parameters such as the crack morphology and crack patitimspecto
the surface determinaband ofoperatingfrequencies where theracksaredetectable. At theptimum
frequencyof testing the cracksensitivity reaches thearimum.

3.6.1.Multi-frequency Techniques

Multi-frequency techniques are widely used in -destructive eddy current testing.
Multi-frequency testingperatesat two or more test frequencies. Mulequency techniques expand
the capabilities of singlrequency testing and save time since they allow simultaneous tests.
Multi-frequency testing is also applied to canoek undesired signalsn order to improve the
signatto noise ratiq41].
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The multifrequencyprocessuses a composite signal and subtathie undesirable signaNoise
sources that can be minimized arebelift -off, temperatur@ariation andgeometrical changes the
material[41].

Multi-frequencytechniques arasually accomplished by combining the results obtained at different
frequenciesin the spatial domainkor instance,he authorsLiu et al. proposed gyramid fusion
method to integrate two-dimensional spatial domain with multi-frequency injection [41]. A
signatto-noise ratio criterion was adopted to evaluate the fusion resultich demonstrateé the
potential of signal enhancentena fusion strategy.

Other authors combine@ster scanningnd multifrequency techniques. Raster scanmngduce
images of the impedance or impedance changes dwer-dimensional 2-D) surface.These acquired
images are complexvalues becausethe impedanceproducescomplex data. Image processing
techniques aa be applied to detectracksusing eddy currentesting Bartelset al. have proposeda
multi-frequency eddy cuent image processing technigdier the nondestructive evaluation of
materials[42]. 2-D eddy currenttestinggeneratd a sequence of complex valuadageswhich were
linearly combined tanaximizethe signatto-noise ratioSNR of features of interesiThis technique
consised of a selection ofweights for a linear combination ofhe imagesas shown in
Equation(28) [42]:

Q o W'Q o (29)

where Q 6fto is the linear combination of image8, is the number oftest frequenciesand

P 1 Qdp,@ MQAaO®,® 1| Qi ,@ Qao®é are extrtwbed f
images®, @é @ . Results on experimental data demonsti@MR improvement up tal100
percent over traditional twivequency techniques.

3.6.2.Pulsed Eddy Current Testing

Conventional eddgurrent equipmenemploys a single sinusoidal excitation. These systems are
strongly limited by the depth of penetration of eddy currents. Therefore, conventional systems are
useful for detecting surface and nesarface cracks up to a depth of a few millimeters below the
surface[43]. A solution to increase the subsurface testmgp reduce theperational frequencin
orderto increasehe standardkin depth. However, in many cases the sigoatloise ratio is reduced,
as Far aday 6satesthat the indgoed vbltagm icoil sensors is proportional to the rate of
change of the magnetic field.

In contrast tothe conventional eddgurrent instrument pulsed instruments generate square,
triangularor a saw toothwaveform[44]. These waveforms have a broad spectrum of éeges
hence, pulsed eddy current testing techrsqu@videmore information than traditional eddy current
testing methosl that can be used for the detection and characterization of hidden corrosion and
cracking[45]. The data at different frequenciesidae correlated to obtain thefectdepth.

Pulsed eddy currennstrumentsare classically implemented with one douflaction coil or two
separate coils formed by a transmitter and a receiver coil. Some authors such as Dataladjian
employeda highperformance giant magnetoresistance magnetometer instead of the rece[vié€}.coil
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Pulsed eddy current systems rival single or multifrequency testing, since the advantage of a
transient system is that the response contains as much information astige spectrum of
frequencydomain excitations[46]. The performance of defect classification using the pulsed
technique is better than the conventional me{datl

Pulsed eddy current is useful forore than justrack detectionHaanet al. haveusa pulsed eddy
current toaccuratelycharacterize the permeability and the conductifd§, 49]. Taking a reference
measurement of an object with a known thickness, they also determined the thickness of several type:
of carbon steel materials, whiclhas proportional to the product of conductivity and magnetic
permeability.

Typical features such as peak amplitude and-zeyssing time of pulses asmployedto detect
and characterize defedts(]. A Hilbert transform can also be computed to extract a negeteling
pointfeatureof the received pulsds1].

Some authordiave conducted research irgalsed eddycurrent techniquesMany years agoin
1969 Waidelichet al. researched the attenuation of a pulsed field by a conducting [8ZeeThey
investigaéd how to increase the spatial resolutlmnputting the coil probe in a copper enclosure with
a small aperture. Other authors suclGamnget al. presented a system for the inspection of aircraft
structures[43]. The systemgeneratedpulse exdation that energized a planar mditie coil of
Figurel5(a). The transient fieldvasdetected via a giant magnegsistive GMR field sensor placed on
the line of symmetry at the center of the source coil. In the absence of discontinuities, the normal
component of the magnetic fieldias zero at the center of the source coil. When the uniform
distribution of the induced currenigasdistorted by a rivet and/or crack as sketched qualitatively in
Figure 1%b) the zero field on the line of symmetmasdestroyedand anonzero transient signal of the
normal componenvasmeasured by the GMR sensor.

Figure 15. (a) Schematic of the muHine coil for inducing linear eddy currentadapted
from [43]). (b) Induced eddy current flow in the absence and presence of rivet and cracked
rivet (adapted fronj43]).
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Other researchersuch asAbidin et al. studied the influence aluty cycle inpulses testing rivet
joints [53]. Figure 16a) shows different pulse width excitatigrend Figure 16b) shows spectrum
distribution. Wider pulses are richer in ldrequency components compared to narrower pulses that
are dominated by higirequency components.
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Figure 16. (a) Excitation current inpt with varied pulse widthadapted from[53]).
(b) Spectrum distribution under different pulse widthdapted fronj53)).
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3.7.The Fhase Lag

The phase lag ishe parameter thgbermitsthe userto obtaininformationregardingthe depth of a
defect within a materiallhe phase lag isepresented by the term -in Equation(29) [3§].

The phase lagepresents thshift in phasebetween thedefectson the surface anddefects aty

distance fronthesurface
O o 0v; QAT OO | j—q 29

The phase lag depends linearly widepthd. When the defect istaone standard depth of
penetratiomt | , the phase lag ise pi ©QQd&x. When it is attwo standard depths of
penetratiord ¢ , the lagoccurs a¢  ¢i W' Q " Qpép Twith respecto surface cracks. As a result,
the phase lag can be dge determine thelepthof subsurface defectklsingthe complex impedance
plane,the lift-off line can be taken as a reference phase as it occuing sarface. Flaw direction can
be measuredvith respectto thelift-off phase.lt is desirable to have phase resolutioetweenthe
lift -off line andcracks

3.8.Signalto-NoiseRatio

The signalto-noise ratio(SNR) is a parametethat quantifiesthe number of times that the signal
amplitude from the response taceackis greater thamhe signal amplitudef the backgroundnoise
Noise source$imit eddy current testing. Some of the main noise sources in eddy current testing are
temperature variationdift-off, changes in the electromagnetic properties of the mateueth as
conductivity or magnetic permeability amtianges irtest speedSome methodsfor maximizng the
SNR are listed below

The simplest way to increasiee SNR isto amplify the signal level. However,maplifiers increase
the noiselevel and introduce their own noise. Therefdteere isa limit to the number oamplification
stageghat can be applied
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Another way to minimize noise idtéring. Filtering is possible ithe perturbation is not in thpass
bandof the desired signahlso, if thereis phase difference between defects and the noise solece,
phase discriminatiotechniquegan be applied.

In addition, some types obit probesare less influencethan othes by some noise sourceSor
instance self-compensatd differential coil probes are less sensitive gmall variations in diameter,
conductivity or magnetic permeabilithhan absolute coil probefn someinstancescopper shields
cover the probes to decrease the pipknoise from external sourcetherefore, they increase the
signal to noise ratio.

Coil size is also cruciah orderto obtaina high-level signalfor crackdetection It is crucialthat the
fill -factor is close toone in the case of encircling coil probasd it is also crucial thahe coil sizeis
similar to the crack size. Some authsueh as Grimbergt al.[54] take the coil size into account

Another techniqueusedto maximizethe SNR is magnetization. As explained the previous
section, directcurrent magnetizatiominimizes the effect opermeability variabns in ferromagnetic
materials

The last proposethethodto improvethe SNR is the selectionf the most suitable sensas &ery
sensor has limitations in sensitivity and ndeseel. In someapplicationsthe magnetic field levels are
so low that standard coil probes cannot be ugeddetect them In these instancespecial
magnetometersuch assuperconductingguantum interference device¢SQUID) are sensitive to
extremely low field levelsSQUIDs have been used in eddy current tesforg30 yearg55|. However,
the disadvantagef SQUIDs is that theyrequirea cryostat to maintain them at very low temperatures.

3.9. EquivalenceModel of Eddy Current Coil Sensofer Applications

This subsectionpresents a kgew of the equivalence model of eddy current sensordits relation
to applications.Eddy current testingisesthe electromagnetic properties of materighait depend on
their composition, microstructure and the applied and residual strfgg3esThese properties are
measuredvia the impedance  described in Section,2which is a function of liftoff, target
conductivityA, targetmagneticpermeabilityA and te eddy current frequendas Equation(31)
shows

2 B £O61 ADE ERRNE (30)

Some authors such as Tiah al. have researched the influencetbé heterogeneitpf the test
piece in eddy current sensof28]. When measuring one of thesariables such as lifoff, in
Equation(30), conductivity A and permeability variations of the test pie@me noise sources that
influencethetest When frequencyiis high enough, the approximation shown in Equafgi) can be
done[28]:

SE , , ) T -

2 5, ) o (31)

Increasing the excitation frequency can suppress the influence of thequalizationof the
conductivityof the test piec2 as2 L 5, .Theheterogeneityn nonferromagnetic metals such as
aluminumand copper due toonductivity variations is much lower thahatin ferromagnetic metals,
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since the conductivity faluminumand copper is much smaller than those of steel and castirich
allow theapproximationo2 L 5, to be more true.

The effect ofmagnetic permdality heterogeneityn nonferromagnetic targets is much less than
the heterogeneityof ferromagnetic target3.he neasuring accuracy of ndarromagnetic targets can
be higher than that of ferromagnetic targets.

With regardto microstructure, Mercieet al. used eddy current® evaluatesteel decarburizingn
the austenitization proceg8]. Decarburizingcan changehe microstructureand the mechanical
properties of steelChanges in electrical conductivity and magnetic permeabilityuroes the
decarburized surface.

Zergouget al. analyzed the relation between mechanical mi@aness and impedance variations
in eddy current testing22]. The characterization of the microstructure modificatidonge to heat
treatment and corrosioby eddy currerst permitted the measuring of mechanical and metallurgical
parameters of materials.

In ferromagnetic materialthe use of a low frequency provides a good impedance resolution. The
most significant result in the case of ferromagnetic materials charadterizatthe relationship
between the electric and magnetiadgraetersand the hardness and the grain size. The hardness is
inversdy proportional to the grain size.

Schoenekes®t al. detectedtensile stress alterations in prestressing steel using eddgnturr
testing[56]. Changes in mechanical stress shift the electrical conductivity and magnetic permeability
of the materiabndare always very small, typically less than 15%]. Temperature compensation of
the entire measurement system was absoluegdgssary to minimize measurement errors.

4. Sensors

There are manyypes of magneticsensos for non-destructive evaluatiolsuch as solenoid coil
probes superconductinguantuminterference devig(SQUIDs) andHall-effectandmagnetorests/e
sensorsThis section presentthesetypesof sensos and includes the most recent researcauthors in
sensor design.

4.1.Coil Probes

Coil probes are the mostidely used sensors in eddy current inspectins sibsectionpresentsa
discussion regardindifferent coil probetypes the most important paramesan coil probesandthe
circuitry usedto pickup signas.

4.1.1.Coil ProbeTypes

Different coil probe structures are available to detect a large variety of cracks. In general, coll
probes providéigh crack sensitivity when eddy current flow is strongly altered by discontinuities.

Encircling Coil Probes

The most widelyused probesncircle the test piecan eddy current testingThese probesre
commonly used tdest bars or tubesitherexternaly or interndly and are shown ifrigures 17(a,c).
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Encircling coils are sensitive to parallel discontinuities to the axis of the tube or bar as eddy currents
describe radial circumferences an opposing sense of currerasound theenergized coiturrent,as

shown inFigure 17(b). Internal encircling coil probes permit internal testing of tubes. These types of
probes are introduced using a guidance systémh incorporats an encodeto locate the crackisy
measuring the distance from the tube edge tad#fect. Internal encircling probes usually test heat
exchanger tubing at power plants at a constant rate of dpigede 17(c) shows an internal coil probe

for ferromagnetic inspectigib8].

Figure 17. (a) External encirclingype coil for tube or bamspection(b) Eddy currents
flow in an external encirclingype coil.(c) Internal encirclingtype coil for tube inspection

(adapted fronj58]).
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The standard section of encircling probes is circular. In addition to that, special profile encircling
probes are designed for researchers and manufacturers to control surface-sundasebdefects in
products with special profiles and shafed.

PancakeType Probes

Pancakeype probes are coils whose axis is perpendicular tguHace of the test piece. Pancake
probes can be either aore coils or ferritecore coils. Ferrites have high permeability and the initial
coil impedance is higher thahe permeability ofair-core coils.Pancakeype probes are very sensitive
to lift-off and inclinatiorwith respecto the flat surface. Theodoulidis evaluated the influence of tilted
coils in eddy current testin@3).

Figure 18 (a) Pancakeype coil probe and eddy current flon(adapted from[24]).
(b) Rotatingeddy currentesting(adapted fronj60]).
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