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Abstract:Eddy-current(EC)testingisaneffectiveelectromagneticnon-destructivetesting(NDT)technique.Pla-
nareddy-currentsensorarrayshaveseveraladvantagessuchasgoodcoherence,fastresponsespeed,andhighsen-
sitivity,whichcanbeusedformicro-damageinspectionofcrucialpartsinmechanicalequipmentsandaerospacea-
viation.Themainpurposeofthisresearchistodetectthedefectinametallicmaterialsurfaceandidentifythe
lengthofacrackusingplanareddy-currentsensorarraysindifferentdirections.Theprincipleandcharacteristicsof

planareddy-currentsensorarraysareintroduced,andacracklengthquantificationalgorithmindifferentdirections
isinvestigated.Adamagequantitativedetectionsystemisestablishedbasedonafieldprogrammablegatearrayand
ARMprocessor.Thesystemisutilizedtoinspectthemicrodefectinametallicmaterial,whichiscarvedtomicro
crackwithsizeof7mm(length)×0.1mm(width)×1mm(depth).Theexperimentaldatashowthatthesen-
sorarrayscanbeusedforthelengthmeasurementrepeatedly,andthattheuncertaintyofthelengthmeasurement
isbelow±0.2mm.
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0 Introduction

Theplanareddy-current(EC)non-destruc-
tivetesting(NDT)isanewtechnologydeveloped
inrecentyears,whichisaneffectivetodetectde-
fects[1-5]and measurethelengthofdefects[6-7].
Ononehand,similartotheconventionaleddy-
currenttechnique,theplanareddy-currentsensor
doesnotrequireanacousticcouplantincontrast
toultrasonicdetection.Itis moreconvenience
andlessdangerousthanradiography.Ontheoth-
erhand,theplanareddy-currenttestingpossesses
manyadvantagesagainsttheconventionaleddy-
currenttesting,includingbettercoherence,faster
responsespeed,andhighersensitivity.Itcanbe
usedfordetectingcrackinhigh-temperaturecom-
ponentsinpowerplants[8]andgapmeasurements
betweenlargesmooth metallicandnonmetallic
surfacesofarbitraryshapes[9].

Jiaoetal.[6]studiedthemodelofcrackper-

turbationandeddy-currentsensoranddetected
thecrackwiththeaccuracyof1mm.Chenet
al.[10]designedaneddy-currentprobetoinspect
thenuclearpowerplantpipelineswithaccuracyof
severalmillimeters.Chaetal.[11]designedahigh
detectionsensitivitymicro-coilsensorwithsizeof
400μm ×380μm ×35μmusingmicroelectro
mechanicalsystem(MEMS)technology.March-
andetal.[12]developedaflexibleeddy-currentar-
rayprobe.Itwasfairlysensitivetosmalldefects,

butthequantitativedetectionresultswerenotre-
ported.Endoetal.[13]usedaflexiblearrayeddy-
currentprobeanda12dBdropmethodsizingthe
cracklengthwithanaccuracyof±3mm.How-
ever,thereweresomeweaknessinallthesestud-
ies,suchasinsufficientdetectionaccuracyand
lowdetectionefficiency.Themainpurposeofthis
paperistodetectthedefectwithhighaccuracy
andindifferentdirectionsbasedontheplanared-



dy-currentarraysensorand2-Dimage.

1 PlanarEddy-CurrentSensorArray
andTwo-DimensionalImage

Theplanarsensorarrayisaninductive,ed-
dy-current-basedsensorthatisdesignedspecific-
allyforthecharacterizationofmaterialproperties
nearsurfaceregion.AsshowninFig.1,thepla-
nareddy-currentsensorarrayconsistsofadriving
winding wirescreatingthe magneticfieldand
sensingelementslocatedbelowthedrivingwind-
ing.ID,λ,HandVS1—VS6ofthesensorarrayin
Fig.1arethesinusoidalcurrent,thespatial
wavelength,thespatiallyperiodicmagneticfield
theandtheinductivevoltagesattheterminalsof
thesensingwindings,respectively.

Fig.1 Basicstructureoftheplanareddy-currentsensor
array

Thedrivingandsensingwindingsaretypical-
lymountedonathinandflexiblesubstrate.Mi-
cro-fabricationtechniquesareusedtoproduce
highlyreliableandhighlyrepeatablesensors.The
individualsenseelementsinx-directionshownin
Fig.1cancreatepropertyimageswhenscannedin
they-direction.Thedrivingwindingisdesigned
toproduceaspatiallyperiodicmagneticfield.The
periodicwindingpatternpermitsthesensorarray
responsetobeaccurately modeled withrapid
computationalmethods.Thedesigndramatically
reducedcalibrationrequirements.Theresponse
ofsensorarrayisconvertedintomaterialproper-
tiesusingpre-computeddatabase[14-15].

Theimageofresponseofsensorarrayisim-
plementedwithLibGDXarchitecture,whichisa
kindofcrossplatform2-D/3-Dgamedevelopment

engine[16].TheLibGDX architecturebasedon
protocolofApacheLicense,includingOpenGL
ESandBox2D,isprogrammedbyJava/C/C++
languageandemployedfreeforcommercialor
non-commercial.OpenGLESandBox2Dareused
asgraphicsengineandphysicalengine,respec-
tively.The2-Dimageshouldemployasignificant
Meshclass,whichisresponsibleforgraphicpro-
cessing.Meshclasswhichextendsobjectclassis
popularlyusedingamedevelopment.Thecolor
changeof2-Dimage,representingcracksornot,

isaccomplishedby meshclass.Onaccountof
widespreaduseandeasydevelopment,androidis
selectedastargetplatformforLibGDX.

2 CrackQuantificationinDifferent
Directions

Eddy-currenttestingforcracklengthquanti-
ficationcontainstwosteps:Crackdetectionand
lengthmeasurementofcrack.Crackdetectionis
thefirststagewhereafeaturethresholdissetto
figureoutwhichofthethreeworksshouldbe
conducted:The part ofthe specimen being
scannedhasadiscontinuity(crack)ornot.Ifdis-
continuityispredicted,thesecondstageofcrack
quantificationiscarriedout.Theinformationof
thelengthofcrackcanbeusedtoevaluatethese-
verityofthedetectedcrackofthecomponentor
material.Itcanhelpjudgewhichofthethree
worksshouldbeconducted:Thecomponentor
materialundertestcanstillbeusedsafely,main-
tenanceworkmustbescheduled,orareplace-
mentmustbeneeded.

Thespatialresolutioninlengthandthesen-
sitivityisconsideredinthedesignofarraysen-
sor.Inordertoobtainahighspatialresolution,

thewavelengthλofdrivingwindingisassmallas
possible.Butasmallwavelengthvaluewilllead
toaverysmallinducedvoltageinsensingele-
mentsthatwillreducethesensitivityofsensors.
Therefore,thehalf-wavelengthof0.8mmisem-
ployedinviewpointofthespatialresolutionand
thesensitivitybasedontheflexibleprintedcircuit
board.
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Thetransimpedance[17]oftheplanareddy-
currentsensorarrayaregivenby

Zi=VSi/ID (1)

whereZiisthetransimpedanceofsensingelement
i,IDthecurrentofthedrivingwinding,andVSi

theinductivevoltagesofthesensingelements.
Whenacrackappearsinthematerialundertest
(MUT),theinductivevoltagesVSi willchange,

correspondingtoresultinthechangeoftransim-
pedanceZi.ThusthecrackintheMUTcanbe
inspectedthroughmeasuringthetransimpedance
Zi.

Inthispaper,sensorarrayscanningoverthe
MUTiny-directionisshowninFig.2.Thesen-
sorarrayisparalleltothex-axisaswellasthe
crack,andscandirectionisparalleltothey-axis
butperpendiculartothecrack.Whenthesensor
arraymoveoveracrackintheMUT,thetran-
simpedancemagnitudejumpstoahigherleveldue
tothecrackasshowninFig.3.Itisseenfrom
Fig.3thatthetransimpedancesoftheeleventhto
thetwenty-secondsensingelement(channel)is
greaterthantheoneoftheotherchannels.This
curveshownthatthereisacrackinMUT.We
canfindthatthesensorarrayhasaspatialresolu-
tionbecauseofitsspaceperiodicstructure,and
thewidthofdrivingwindingelementisλ/2,with
0.8 mm.Inaddition,thetransimpedancesof
Channel11andChannel22atthetwoendof
crackislowerthanthevalueofChannel12to
Channel21withintheareaofcracks,asshownin
Fig.3.Thisisresultedfromtheendofthecrack
coveringaportionofChannel11andChannel22.
Areasonabletransimpedancethresholdvalue5.7
Ωisset.Andifthetransimpedanceofthesensing
elementisgreaterorequalto5.7Ωofthreshold
value,thecrackcanbejudgedascompletelycov-
eringthedrivingelement,and0.8mmisaccu-
mulatedtothelengthofcrack.Whenthetran-
simpedanceofthesensingelementislessthanthe
5.7Ωofthresholdvalue,thecrackpartlygoes
through.Thenthelengthofcrack withinthe
sensingelementiscalculatedbythenormalized
cracksignalfitting(NCSF)algorithm[18].Itspri-
marilyprincipleisbasedonthefactthattransim-

pedancesofthearrayunitisdifferentwhenthe
crackedgeisatdifferentpositionsofthearrayel-
ements.Andtherelationbetweenthetransim-
pedances value and position is monotonous.
Therefore,thepositionofcrackedgecorrespond-
ingtothetransimpdancescanbecalculatedby
linearinterpolation withtheknown measured
point.

Fig.2 Photographofthesensorarray(Drivingwinding
inFig.1atthetoplayerofactualsensorin
Fig.2)andthecrack

Fig.3 Transimpedancescurveofthesensorarray(in-
cluding64sensingelements)throughacrack

Fig.4 Anglebetweenthesensorandcrack

Theabovelengthquantificationofthecrack
isusedwhentheorientationofsensorarrayis
paralleltothecrack.Ifanangleθexistsbetween
thesensorarrayandthecrack,asshowninFig.4,

thequantificationmethodshouldbemodified.
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Aviableimprovementofquantificationalgo-
rithmishowtoobtaintheinformationofθ,then
theactuallengthofthecrackisgivenby

L=LP ×cosθ (2)
whereListheactuallengthofcrackandLPthe
lengthofthesensorsensingcrack.Fortunately,θ
canbeobtainedfromimageofsensorarrayscan-
ningcrackinFig.5.Therefore,wecanseethat
theimageisusefulforthequantificationofthe
defects.

Fig.5 2-Ddiagramofsensorarrayforscanningcrack

3 SystemDesignandExperiment
3.1 Experimentalset-up

Theexperimentalset-upwedevelopedisem-
beddedsystem,consistingofaprobeandanim-
pedancemeasurementsystems.Thedataarecol-
lectedbysynchronousdataacquisitionchipAD9272,

whichareprocessedwithadigitallock-inampli-
fier(DLIA)basedonthefieldprogrammablegate
array (FPGA).Theprocesseddataarethen
transmittedtoanARMprocessorviaRS232in-
terface,inwhichtheimageisaccomplishedand
thepossiblecrackisdetectedandquantified.A
voltagecontrolcurrentsource(VCCS)circuitis
designedtosupplyaconstantcurrentflowing
throughthedrivingwindingoftheplanareddy-
currentsensorarray.Theinductivevoltageare
firstamplifiedwithapreamplifierandthencol-
lectedbyAD9272afterswitchedwithmultiple-
xer.Theschematicdiagramoftheexperimental
set-upisshowninFig.6.

Analuminumspecimenswhoseconductivity
is18.9MS/mandthicknessis10mmisdesigned
toverifytheperformanceofthesystem.Adefect
withsizeof7mminlength,0.2mminwidthand
1mmindepthiscarvedonthesurfaceofthealu-
minum.Aprobewiththearraysensorscanning
thealuminumcouldleadtoa2-Dimageofcrack
indifferentangleinFig.6.Andtheexcitation
frequencyofprobeis3MHz.Theflexiblemate-
rialcankeepthearraysensorgoodcontactwith
thealuminum.Theprobeandmaterialareshown
inFig.7.

Fig.6 Schematicdiagramoftheexperimentalset-up(DDS:Directdigitalsynthesizer;LCD:Liquidcrystaldisplay)

Fig.7 Thematerial(Aluminumalloy)andprobe

  Thedifferencebetweenbeforeandafter

proberesponsestothecrackisshowninFig.8.
Theoutputsignalofprobeissmooth,andthe
valueoftransimpedanceofarraysensorisabout
5.4Ωwhenthecrackcannotappearinthealumi-
numalloy.Ifthereisacrackinthematerial,the
outputsignaloccurs,asshowninFig.8.

3.2 Experimentalresultanddiscussion

Themainpurposeofthissectionistoverify
thequantificationaccuracyofthesystembasedon
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Fig.8 Thebeforeandafterproberesponsestothecrack

planareddy-currentsensorarrayindifferentdi-
rectionsand2-Dimage.Fig.9depictstheimage
ofthecrack(7mminlength)measuredatdiffer-
entanglesbetweenthescandirectionandthesen-
sorarrayorientation.Inthisimage,thescanning

Fig.9 2-Dimageofthecrackwith7mmlengthindif-
ferentangle

directionofthesensorarrayisalwaysalongthe
horizontalorientation.AsshowninFig.9,the
smallertheabsoluteanglebetweenthesensorand
thescandirection,thelongertheimageofcrack.
However,thequantificationaccuracyofcrack
keepsunchangedwithdifferentangle,andthe
correspondingquantificationlengthofthecrack
imagearemeasuredandlistedinTable1.Forthe
specialcasethattheangleiszero,afalsequantifi-
cationlength0.8mm is measured.Thereal
lengthofthecrackcanbemeasuredbyrepetitive
measurementswithdifferentangles.Itcanbe
seenthatthelengthquantificationofthecrack
canbeimplementedbasedonthesensorarrayand
2-Dimageindifferentorientation,andthequanti-
ficationaccuracyisbelow±0.2mm.Theabove

resultsshowthattheplanarsensortechniqueand
2-Dimagetechniqueareusefultodetectand
quantifythecrack.
Table1 Quantificationofthecrackindifferentscanangles

Parameter Value
Angel/(°) 90 45 30 0 -30
Cracklength/mm 7.10 7.18 7.02 0.80 7.09

4 Conclusions

Thelengthquantificationtechniqueofcracks
basedonplanareddy-currentsensorarrayand2-D
imageisstudied.Crackdetectiontechnique,as
thefirststepofquantification,isalsoachievedby
thechangeoftransimpedanceofsensorarray.
Theexperimentalresultshowsthatthecrack
lengthcanbemeasuredin multi-direction,and
theaccuracyoflengthisless±0.2mmexcept
thattheangleequalstozeroorthecrackiscurve.
However,theconclusionshouldbeusefulforthe
quantificationofcracksandfuturework.There-
fore,ourfutureresearch willincludescanning
methodandlengthquantificationofabnormity
cracksbyimageprocessing,whichmaycontain
moreinformationofcracks.
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