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Abstract

lY1isthesissmdiedonmspectionoflligh-densityprintedcircuitboard(PCB)inspection
basedoneddy-currenttesting（ECT）technique・DefectsonPCBconductorcanbe

mvestigatedbyeddy-culrentflow・TheproposedECTprobeconsistedofaplanar
meanderexcitingcoilandspm-valvegiantmagnetoresistanＣｅ（SV-GMR）sensoris
developedTheutilizatioｎｏｆＳＶ－ＧＭＲｓｅｎｓｏｒａｓａｍａｇｎｅｔｉｃｓｅｎsoroftlleECTprobe
plovidestllefeasibilityofhigh-spatialresolution,mgll-sensitivitytolowmagneticfields，
andhigh-operatmg-frequencyrange・FromtheSV-GMRadvantage，mspectionof
血crodefectonmclDconductorcanbeperfbrmedbytlleploposedECTprobe､Inspection
ofPCBsevaluatesnotonlyimpelfectionsoftllePCBconductorbutalsoPCBconductor
dimensionsandalignment・ThiskindofmspectionisalsoPerfmnedbytheproposed
methodThecharacteristicsoftheproposedECTprobefbrhigh-densityPCBmspection
aresmdies・InspectionresultSoflligh-densityPCBmodelverif〕'1hatapplyingOfECT
techniClueisabletoperfbrmaccuratePCBinspection．

１．１ntroduction

Eddy-currenttesting(ECT)techniqUeisaWemmownmethodofnondestructivetesting
tllatis,usually,apPliedtoevaluatethematelialflawswitlloutchangmgoraltelingoftest
material，Generally，ECTtechniqueisusedascrackdetectionmpipmgsystelnsof
nuclearpowerplants,asimperfectwelditlgspotdetectiononaircrafts,ａｎｄｅｔｃ［1]・In
recentyear，severalkindsoflnagneticsensors，ｓｕｃｈａｓＨａｌｌ，Giantmagnetoresistance
(ＧＭR)，SqUid，ａｎｄetc.，havebeensuccessfillmECTtechniqUefOrapplyingto
nondestructivetestingtodetectmaterialcracks・Especially，tllespm-valvegiant
magnetolesistance（SV-GMR）sensorisverymterestingbecauseitprovidesagood
pelfOmanceversusitscost・SV-GMRsensorhaslligllsensitivityoVerboardrangeof
freqUencyandmgh-spatial-resolutionbecauseithassnlalldimension[2]・Moreover,itis
inexpensiveandabletooperateatroomtelnperature，Ｆｒｏｍｔｈefeatulesabove，the
applicationsofSV-GMRsensortoECTtecllniqUewillprovidetllegoodmspection
si印alstllatcaneasilyidentifWlledefectpomts．

プ
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BarePCBinspectionisanewapplicationofECTteclmiquetllathasbeenproposed[3-6]、
ManykindsofmspectiontechniqueareusuallyusedfbrbarePCBinspectioｎｓｕｃｈａｓ
ｉｍａｇｅｓｃａｎｎｍｇｂｙＣＣＤｃａｌｎｅｒaandconductivetestingbypmprobe・IInagescanning
metllodhasanadvantagebecauseitisanon-contactmethod・However,tllisapproachcan
lnspectomyvisibledefect､Forconductivetestingbypinprobe,1hisaPproachisableto
inspecttheshortcircuitanddisconnectionwheleaslnspectionofimperfectiononPCB
conductorcannotbemspectedECTtechniqueisaninterestingmethoｄｆｂｒｂａＩｅＰＣＢ
ｍｓｐｅｃtionbecausethismethodlikestllecombinationoftlleabOvetwometllodS・These

meantllatECTtechniqueisanon-contactmetllodandabletomspectnotonlycomluctor
disconnectionsandshortcimuitsbutalsopartialdefectsonPCBconductortrackwidth
andthicknessbyeddy-currents・Moreover，ｔlleconstructionofbarePCBmspection
systembymeanofECTteclmiqUeisuncomplicatedandalsomexpensive．

Inthisthesis，charactelisticsofhigll-sensitiｖｅｍｉｃｒｏＥＣＴｐｍｂｅ，colnposedofplanar
meandercoilantlSV-GMRsensorﾌﾟfbrapplymgtobarePCBinspectionarestudiedIn
addition,mspectionofl1igh-densityPCBmoClelwitlllOO/JInPCBconductorwidtlland
gapisproposedtoverifWllecapabilityoftlleproposedECTplobeappliedfbrPCB
inspection．
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Excitingmagneticfields(UT）、Excitingmagneticfields(llT）

（a)SensitivityOftheSV-GMRsensor （b)Effectofextemalmagneticfield
ateachofitsaxes、 amplitudechangetovoltage

variationacrossSV-GMRsensor・

Fi窪.zCharacteristicsofSV-GMRsensorusedmtheexperiment
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2．ConfigurationoftlleproposedECTprobe

TheproposedECTprobestructｕｒｅｉｓｓｈｏｗｎｉｎＦｉｇ、LTheprobeconsistsofaplanar
meandercoilservedasanexciterandSV-GMRarraysensor・ＴｈｅＳＶ－ＧＭＲａｒｒａｙｓｅｎｓｏｒ
ｗａｓｍｏｕｎｔｅｄontlleplanarlneandercoilsandwiｃｈｅｄｂｙｔｗｏｆｉｌｍｓｔｏｓｅｐａｒａｔｅｔｈｅｃｏｉl
fromtheSV-GMRalraysensorandthePCBconductors・TherefCre,tlledistancefromtlle

SV-GMRsensorsulfacetotllePCBconductororlift-offheightisatleastl35／、n.Each

ofSV-GMRsensorsconsistsof4stripsandeachstriphasdimensｉｏｎｏｆｌＯＯ/J1、×１８／Ｊ１n．

TherefOre,totaleffectiveareaofeachofSV-GMRsensorislOO/mlx93/JInwitll7/ml
gapbetweenstrips・ＮＣ]malresistanceoftheSV-GMRsensｏｒｉｓａｒｏｕｎｄ４００ＱａＡｓｓｈｏｗｎ
ｉｎＦｉ9.2.(a),tlleSV-GMRsensorsensitivityinsensingaxisisaround８．４％/mTwhereas
itislowertllanl9MnTintlleotheraxes．

ThesensitivityoftlleproposedSV-GMRsensorinlinearregionisindIcpendentfrom
amplitudeofappliednlagneticfieldsasshownin]Fig62(b)However,high-hysteresis
loopobtainswhenthelargeextemalmagneticfieldsareappliedwhilelow-hysteresisloop
obtainswhentheexternalmagneticfieldsarelow．

Ⅱ⑥Ｔ【･【

、

Magneticfieldsfromeddy-culTentflow

Fig・SBasicprincipleofECTtechniquefmprintedcircuitboardinspection．

Eddy-cunrents

蕊
Fi窪.４Eddy-currentpatllsincaseofpartialdefectoccumngonPCBcOnductorm

width(left)andthickness(right)．
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3．BasicprincipHeofECrprObe鋤rhigh-densityPCBinspection
High-frequencyexcitingcurrentsａｒｅｆｅｄｔｏｔｈｅｐlanarmeandercoiltogeneratethe
magneticfieldsdistlibutedoverthｅＰＣＢｃｏｎｄｕｃｔｏｒａｓｓｈｏｗｎｉｎＦｉ９．３．Theexciting
culrentsnonnallyflowinzaxisorscanningdirectionandgeneratemagneticfieldsonly
inxandyaxis、Aneddy-culTentsflowinginthePCBconductorareinducedbythe
appliedmagneticfieldsandalsoflowinZaxisorscanningdirectionBecauseofskindept
effect,theeddy-culTentsflowveryclosetosurfaceorboundaryofthePCBconductoL
WheneverthedefectorthePＣＢＣonductorboundarythatperpendiculartoscanning
directionisfCund,theeCldy-currentswillchangeitspathandflowinxdirectionThese
eddy-cunentsgeneratethelnagneticfieldsBztllerefOrethedefectonthePCBconductor
ortheconductorboundarycanbeidentifiediftllemagneticfieldsBzaredetected．

Forpartialdefects,thesedefectsbothpartialdefectsoccumngonPCBconductortrack
widthandtrackthickness,alsohavetheeffecttotheeddy-cuIｒｅｎｔｐａｔｈＡｓｓｈｏｗｉｎＦｉｇ４，
smallamountofeddy-culrentflowmxaxisandtlleseeddy-currentsgeneratemagnetic
fieldsBzalthoughthemagneticfieldsarenottoostrong．

MeasurementofmagneticfieldsBzseemstobemoredifficulttllanthemeasurementof

magneticfieldsBy,becausemagneticfieldsBzappearsinaveryshortClistancefroInthe
testPCBconductor,andit,svalueisnotashighasofmagneticfieldsBy・However,the

篝鑿議iｉ
rmTeCtlonｌｊｑ 11rectlon（fｊ」IIE■ｕ【DHI

(a)Conductor （b)Partialdefectontrack（c)Partialdefecton
disconnectionwidththiclmess・

Fig.三Eddy-currentsfloVvinginPCBconductoratdifferencetypeofdefect．
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(a)Conductordisconnection（b)TrackwidtMefect（c)Trackthicknessdefect
FigbMagneticfielddistlibution(Bz)overtheref､1ineonPCBconductorfromAto

B,asshowninFig､５，thattheyaregeneratedbyeddy-culrentflow．
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magneticfieldsBzappearsonlyinspecificcases-togetllerwitMefectsoratboundaryof
PCBconductorlncaseofadefectlessPCBconductor,thereisnolnagneticfieldsBz
generatedbythetestPCBconductor・Theoutputsignaldoesnothavetobeextracted

fromotllerssignalasincaseoftlleinspectionoftllemagneticfieldsBy・Themagnetic
sensormovmgabovetlletestPCBconductorisnotpenetratedbylhemagneticfiemsBz
untilitencountersadefect・TherefOre,tllemagneticsensorislesssusceptibletonoisein
tlleoutputsignal・ThisisabigadvantageoftheProposedECTprobeandmainreasonfCr
itshighsensitivity．

４.EMy-currentsflowinPCBconductoranditsma印eticfieldMistrilⅢtion

TheMaxwellprogralns，finiteelenlentlnethod（FEM）programforelectrolnagnetic
analysis，wereusedtoanalysistllemagneticfielddistributionobtainingfromeddy-
currentsflowingmthePCBconductor､nlreetypesofdefectontllePCBconductorthat
areconductordisconnection,partialdefectonPCBconductortracｋｗｉｄｔｈａｎｄｏｎＰＣＢ

ｃｏｎｄｕｃtortrackthicknessareanalyzedDisconnectionlengtllof50/nnisallocatedonthe
conductordisconnectionmodel､Forpartialdefect,tlledisconnectiomegionalsoissetａｔ

５０/、landithasthedisconnectionregio、ｏｎｌｙ５０％oftllePCBconductortrackEddy-
currentsflowingmPCBConductorwhentlledefectisfOundonthePCBconductorare

鰻ShownmFig5Eddy-curTentsusuallyflowalongscannmgdirectionwheneverthereis
dhedefectorsoldeIingpointoccurredonthePCBconductor,theeddy-culrentschangeits
pathandlhemagneticfieldsinthescanning(lirCction(Bz)generatedasdiscussedabove、

Moreover，eddy-cuIrents，also，distributeveryclosetotllePCBconductorboUndary

becauseofskindepteffect・IYlerefOre，peakvaluesofmagneticfieldsmtllescanning
direction(Bz)aPpearoverlhedefectpointregionorthePCBconductorboundaries．

Themagneticfielddistlibutionmthescmmngdirection(Bz)obtainedfiDmFEManalysis
isshown、Fig.６．Forconductordisconnection，themagneticfieldsmthescamnng
direction(Bz)fluctuatesattlledefectpointordisplacementdistanceatOmm・Thewider
PCBconductorgenerateshigherma2meticfieldvariationmscanningdirectio、(Bz)tllan
thenamwPCBconductorbecauseofhigh-densityeddy-culTentflow・Forpartialdefect
onthePCBconductortrackwidth,themagneticfieldsmthescaImingdirection(Bz)also
fluctuatesattlledefectpointordisplacementdistanceatOmnasshowninFig.６(b)．
MagnitudeofmagneticfieldvariationatpartialdefectonPCBtrackwidthisnotdiffers
fromthatatconductordisconnectionpoint、ForpartialdefectonPCBthickness，tlle
magneticfieldmthescalmingdirection(Bz)variesatthedefectpomtordisplacement
distanceatOmmasshownmFig,６(Ｃ).nlistypeofdefectgeneratesloWestmagnetic
fieldvariationbecauseoflow-eddy-currentflow・However,tllema印eticfieldvariation
isenoughhightodetectbythemagneticsensor．
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5.ECTprolDeCHmracteristicsfDrhiglMlensityPCBinspection
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(a)Lift-offheight＝１３５/､1（b)Lift-offheigllt＝185/､１（c)Lift-offheight＝ｚ３５/Ｊｍ
Ｆｉ窪.１０Comp1explaneofECTsignalobtainedfromscamnngoverPCBconductor，

１００/Lmwidtll,witlldifferentdistancefrOmsensmgleveltoPCBconductor6

wasusedmtheexperiment.ⅡⅡeekindsofdefectwereallocatedonthemodeltostudy
thecharacteristｉｃｓｏｆｔｈｅＥＣＴｐｒｏｂｅｆｏｒＰＣＢｍｓｐｅＣｔｉoｎＴｈｅｆｉｒｓｔｉｓｃｏｎductor
disconnectionsandthesecondandthirdarepartialdefectsonthePCBtrackwidthand
tracktllickneSsrespectively．
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ＡｓｓｈｏｗｎｉｎＦｉｇ､７，theSV-GMRsensorcandetectsthemagneticfieldvariationatdefect
pointsandprovidesvariationofsignalsbothamplitudeandphase・Thevariationsof
signalaredirectlyproportionaltothedefectsizeandtheyalsodependonconductorwidth
whereasnoisesignal,definedinFig.７，areconstantwithlesstllan０．６WaSshownin
Fig､８．Thesignalislargertllannoisearound2timesalthoughthetllinPCBconductor

with70／ＪｍＷｉｄｔｈａｎｄ５０'Zndisconnectionlengthisinspected・InspectionSofpartial
defectsonPCBtrackwidthandtrackthicknessarealsoperfbnnedbytlleproposedＥＣＴ
ｐｒｏｂｅａｓｓｈｏｗｎｍＦｉｇ９・Thepartialdefecteffectstodecleasingofsignalvariation，
colnparingwiththesignalvaliationinthecaseofconductordisconnection

リ

5.2Ｌ脆CDゲルjghr(2)ｸﾞi2cr

DistanCebetweenPCBconductorsandsensinglevelisveryimportantfOrthemspection
ofbottonl-1ayerPCBconductor・IYlecoInplexplaneisconvenlencetorepresentthe
valiationofsignalsbothalnplimdeandphaseatdefectpointsasarealandimagmary
conlpoｎｅｎｔａｓｓｈｏｗｎｉｎＦｉｇ．１０．InspectionresultsobtainedfromscanningoverPCB
conductorwithlOO似nwidthConductOrdisconnectionsrangedfiDIn500to50/zmlwere
amocatedonthePCBconductor・TheresultsshowthattheproposedECTprobeisableto
mspectthedefectｓｏｎｔｈｅＰＣＢｃｏｎｄｕｃｔｏｒｗｉｔｈ２３５/Lmmlift-offheightalthoughthesignal
variationsareverysmalLItmeansthattheprobeiscapableofinspectingthedefectsat
tllebottoln-1ayeriftlledistancebetweenPCBconductorandsensinglevelisnotover
20qLmL

5.Higln-densityPCBinspectionresults

Fig・l1presentsthesmglelayerPCBphotographwitlldilnensionof5nⅡ、×５，Ⅱnand

scanmngresultsafterilnageprocessingwasappliedNumericalgradienttechniqueisa
simpleimageprocessingtecllniqUetllatisusedtoelinnatesignaloffSetandtoenllance
tllesignalatthedefectpoints、ThesInallestconductordisconnecｔｉｏｎｗａｓｏｎｌｙ２０Ｊｕｍ
]Furthemore,differentkindsofpartialdefectswerelocatedonthismodeLThescanning
resultspresentlhattheproposｅｄＥＣＴｐｒｏｂｅｉｓａｂｌｅｔｏｉｎｓｐｅｃｔｔｈｅｄｅfectsontllePCB
conductor、ThedefectsonPCBconductorarenotdifficultidentificationaltlloughthe
imagesarenotclear．
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Ｍ］

Defects

曰

。
○
回
国
豊
ロ

tＳ

Amplitude

Fig.１１SinglelayerPCBmodel(areaof5mm×５ｍｍ)inspectionexalnple
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Fi室.lZDoublelayerPCBmodel(areaof5mm×５ｍｍ)inspectionexample

High-densitydouble-layerPCBnlodelanditinspectionresultsisshowninFi９．１２.The
PCBconductorsthatparalleltoルdirectionarethetop-layerconductorandtheothersare
tllebottom-layerconductor､Thedisconnectionandpartialdefectsarealsoallocatedon
botlltlletop-andtllebottom-layerofthePCBmode1.2D-ilnagesreconstructedfromECT
signalobtainedfromscanningoverthetop-1ayerofthePCBmodelmルandy-direction
areshowninFigs､１２(b)ａｎｄ(c),respectively・The2-Dimagesshowthattheprobeis
capableofinspectingthedefectclearlyaltlloughthedefectpointsa【eallocatedon
bottom-layerPCBconductor．

7．COnclusion

ThisthesisconcentratedontlledeveloplnentofanECTprobefOrhigh-densityPCB
1nspectionandstudiedontllepossibilityandperfomlanceoftlleproposedECTprobefCr
thispurpose・BecauseECTtechniquehasadvantagesofhigh-sensitivitywithcrackｏｒ
ｆｌａｗ，non-contactlnetllod，capableoflnicrocrackdetectionbyusingpropermagnetic
sensor,andsimplestructure,ECTtechniquewasselectedfortllepulposeofhigh-density
PCBmspection・ＴｈｅｐｒｏｐｏｓｅｄＥＣＴｐｒｏｂｅｗｉｔｈＳＶ－ＧＭＲsensoriscapableofdefect

detectiononPCBconductorwitllwidthof70/mlandtllicknessof9､０５ﾉZmLThreekinds
ofdefectweretestedmtheexpenmentThefirstwasconductordisconnection,thesecond
waspartialdefectonPCBtrackwidth,andthetllirdwaspartiaMefectonPCBthickness・

TheresultsalsoshowthattheweI1inspectionresultscanbeperfCrmedbytlleproposed
ECTprobe．

Inspectionofhigh-densitysinglｅａｎｄｄｏｕｂｌｅｌａｙｅｒＰＣＢＩｎｏｄｅｌｓｗｅｒｅｄemonstrated・

InspectionofthePCBmodeIwitllconductorwidthandgapoflOOJZzlnwasperfCrmedby
tlleproposedECTprobe6hcaseofdoublelayerPCBinspection,theprobeiscapableof
lnspectingtlledefectsatthebottomlayerifthedistancebetweenPCBconductorand

sensinglevelisnotover200/JInMoreover,dimensionandalignlnentofPCBconductor
canalsoexammedConsiderationthepeakofmagneticfielddensitythatusuallyoccursat
boundaryofPCBconductorisusefUlfbrinvestigationthePCBdimensionandalignment、
ThemspectionresultsrepresentedｔｌｌａｔｔｈｅｐｒｏｐｏｓｅｄＥＣＴｐｒｏｂｅｉｓａｂｌｅtoexaminethe
PCBconductordimensionandalignment．

hfntureresearch，howtoapplytheproposedtechniqUetoPCBInanufacturerisan
importanceTheresearchshouldconcernsaboutimProvingtheinspectioncaPabilityand
decreasmgtiIneconsuming.’
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学位論文審査結果の要旨

当該学位論文に対して、平成１８年２月１曰に第１回論文審査委員会を開催し、同年２月２日に行われた
口頭発表後に第２回論文審査委員会を開催し討議した結果,以下の通り判定した。

本研究は、プレーナ形励磁コイルと高感度巨大磁気抵抗素子（SV-GMR）で構成したうず電流探傷（ECT）
プローブを用いた高密度プリント配線の性状検査法に関するものである。ＥＣＴ技術を用いたプリント配線検
査は独創的なアイデアであり、プリント配線導体の断線、短絡のみならず導電体の性状の検査が可能である
ことを明らかにした。主な成果は以下の通りである。

（１）マルチ巨大磁気抵抗素子（ＧＭR）付ＥＣＴプローブの開発

４素子のアレーセンサを製作し、プリント配線検査用のＥＣＴプローブを製作した。１素子の大きさは、
幅５０，１００脚であり、周波数特1性２０ＭHzまでの計測ができた。

（２）ＥＣＴプローブによるプリント基板検査試験

70-100Ⅱｍ幅、厚さ９叩のモデルプリント基板の断線・短絡、２０％までの欠け傷、５０％厚さ欠陥に対
して検出可能であることを実験により明らかにした。

（３）高速検査のためのデータ処理法

高速ＡＤ変換とフーリエ展開を用いた高速のデータ処理法を検討し、データ取得速度を従来法に比較し
100倍以上改善し、信号対ノイズ比１０ｄＢ以上でデータ取得速度１０ｋs/s以上を実現した。
（４）画像処理による欠陥部分抽出システムの製作

導体としては不均一なプリント配線より得られる２次元検出信号イメージから、傷信号を抽出する信号処
理ソフトウエアを試作した。

以上の研究は、うず電流探傷技術を電子工学分野の高密度実装基板の検査技術に適用した独創的な内容で
あり、博士（工学）論文に値するものと判定した。
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