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EXECUTIVE SUMMARY

As pat of its vdidation dforts the Federal Aviation Administraion (FAA) Airworthiness
Assurane Nondestrative Inspetion Validation Centermaintainsa set of & splice speimens
with cracksgrowing out from bereat flush-h@d faseners. Thesespesimens are usedin blind
experiments where the insger does not haarknowledye conerning the speific location and
size of cracks. Manufacturers, @velopes, and users ofariouseddy-current equipment hae
performed experiments to haracterize reliability using these test spedmens. Results on eight
such eperiments aregported lere. Mgor corclusions are summased below.

Commonly enployed edg-current procedues are capabk of reliably detecing cracksas snall
as 0.050 inch while maintainirfglsecalls below 1 pecent. However, to achiee suchdetection
rates requires caeful sdtings of threshold levels and appropride seup standads.

Currently, there arenewly develogd techniquesind instruments that acapable of doig bette
than 0.050-inch det¢#ion. The National A&ronauticsand SpaceAdministration’s(NASA) sef-
nulling rotatingprobedemonstratedhatit could reliaby be ugd to find cacks as small as 0.032
inch and Northrops low frequency eddy-current array (LFECA) ha demonstraed acapability of
reliably detecting cracks & small as 0.040 inchThes rats ae achiegble without an incca®

in false calls.

It has leen peviously repored that the Hockig FastScan, Naec-30 Eddyscan, Northrop
LFECA, and & Engineeing/Elotest ae @pable ¢ detecting surface cracks 1.0 mm (0.040
inch) in lengh under flush-headaluminum rivets. Our results indicate that althgh capable &
detecting this size crack, the probebility assaiated with routingy deeding them (at false call
rates < 0.0)Lare approxnately 0.23(FastScan), 0.74 (Egidcan), 0.8§LFECA), and 0.67 GK).

The efiect of inspectinghrough 0.003 to 0.005 inch of paint is oftalecrea® in the probability
of detection. However, this dfect is due primari to the difficulty in propely centeing the
probe over th rivets. Tedhniques thagive the opeator sgnal feedlack thatcan be usedto
assureproper centering are effedive in removing thin layers o pant as a deterrent to the
reliability fador.

We have also proposed anew anasis that exends thea-hat versus a ahgsis to indude
multiple dimensionf a sigral. The methodolgy proposes to &at the flancharacteristic as the
dependenvariable andthe (possiby many) signal chaacteristics as indegndent varables. The
fits are hen teaed as lhe depenént variable with the flaw chaaceristics asthe independnt
variables in a a-hat versusa andysis to estimate the probaility of deedion aurve This
proposed methodolggs shown to beequivalent to the-hat \ersus aanaysis when hee isa
sinde-dimensiona signd.

iX/x



1. INTRODUCTION.

As part of its validation effots, the FAA Airworthiness Asstane Nondestrative Inspetion
(NDI) Validation Center AANC) maintains a & of lap splice speimens with cracks from
beneat flush-read Bstengs. These spcimens ae used n blind experiments where the
inspectordoes not have knowledge concening the spedic location or sie of the cracks.
Manufactuers, deelopers, and users fo various edg-current equipmenthave performed
experiments to characterize rdiability using these test speimens. This doamment presents
results of various geriments pdormed ove the past Jears.

The discussed equipmeranges fom the newy developed to those that aright off the shelf.
All of the inspections empiged edd/ currents and all wee done on the ane set of test
specimens.Where possible, ghal stregth dat were gathered in addition to detection ks
nondetection dataThis allows fa a stregthened aalysis sine thecriteria for making calls can
be dtered after the inspestion and the trade-off between detections and false cdls can be
charaterized.

A major soure of vaiation in inspections is inspector-to-inspectorfeince[1]. Ingpector
differences tha can affed results indude dedsion m&ing a wel as skill aspects of
manipulatinga probe. In gened, a sirgle individual usinga sirgle piece of euipment
performedeach of the inspetions. Thus, most of the detection cesvderive hee are particular
to an instrument-inspector combinationThe inspedors included equipment developes,
conmpany saks repreenitives, and experienced ND technicians. All inspecbrs were
expeienced or wdl versedin the capabilities of the inspetion technique they were using
Nevertheéss, cae should be tadn in interpretig the detection and dlse @l data pesentedn
this report. In transfaring theresults of this rport to useconditions alditiond consideation
should be tyen to the possible effect of conditionstbé inspectionthat may a may not have
been addrssed in this report.

Equipment used in this surweinclude tle following off-the-shelf equipment: Nortec 30
Eddyscan, Krautkrame BransonCrackfinder, Hocking FastScan, Ndec 19ewith sliding probe
procedue, and theZetec MZ-22 with pemil probe and templatproedure. The last twoare
instruments and techniques mmonly employed in drcraft mantenancefadlities [1]. For these
two instrumentsve studyprocedue variables in order to establish aapity for detection. The
capability can then be comparel to fidd adieved reliability as reported in reference 1.

Also ncluded arenstruments or pobes ecenty developed hatare notconmercially avaiable.
Theseinclude the Northropdeweloped low-fequency eddy-current aray (LFECA), the NASA
developed rotatigp selfnulling proke, anda McDonrell Doudas Aerospce/& Engineeing
surface sanning probe usal with the Elotest B1 mini rotor. The test results fa each of these
pieces okequipment will be presented in selgsient sections.

2. SPECIMEN DESCRIPTION AND ANALYSISTECHNIQUES

Theinspections reported heae werenot performd soldy for the purpo® of deriving probability
of detection(PoD) curves.In mary cases, deglopers vere looking for firsthand eperierce on
the ype d specimens mvided. They used lessons leaed from the inspections to alter



equipmentor procedures. Meeting several goals in doingthe inspections means that teexe
some variations in the number of inspens perforned for each of the techniquesdiscussed.
Multiple inspestions ocurred usirg different procedures and equipment changes with someof
the techniques. The commonidity of al the inspetions wa thd they were perfamed in the
AANC hargar in Albugueque and wee all monitored $ AANC personel and all used test
speimens from thesame basic sd.

2.1 SPECMEN OVERVIEW.

The test specimens included 4ahpls, @ch 20 ly 20 inches and cohigured inalap splice. The

lap splice is a 3-inch ovedap of 0.04@inch-thick 2024-T3clad aluminum. The lap splice
consists of thre rows d rivets with 1-incy spaing baween rowsas well as between the rivets

within a row. The rivets & countersunk flush 5/32 rivetAll flaws ae fatigueflaws in the top

skin with lenghs measum from the rivt shank raging from 0.014 to 0.8 inch.In this
configuration, a crak of 0.050 inch wouldextend sliditly from beneath the guntersunk riet

head. The flaws were grown in the top skin prior to rivding to the bottom skin. (Details of

crack bngth distribution and specimen fagation ae given in eference 1.)

All of the panels wee painted.Paint thickness & nominaly 0.003to 0.005inch thick. On 18
pands the pant was removeal from thelap splie leaving a bareduminum inspetion surfae
around the rivet sites.

In addition,two large parels (8.5 feet longby 4 foot tall) eah containiig 102 rivet sites ware
usa in someof the inspetions. These pands dso @ntained a lap splice but in addition
contained striger and frane substructuss that ae repesentative bthose found in 8oeing 737
aircraft. Flaws in these suctures ae faigue flawsthatwere grownafter the structure hadbeen
built. One panel was painteohd the othepanel vas a bae aluminum sugce.

Also available as test specimen as the AANC’sBoeing 737 testbed. Inspetions were not
performed on ta 737 in all cass. Specificcrack length dataare not knowndr cracks that mg
be underneth rivets in the Boeing 737 test bed.Thus, information specific to deving PoD
curveswould notbeavaiable. Howeve, in sone caes sgnals fromthe arcraft are conpared b
the signds taken on the fabricated test speimens to judje commondity. The sedion of the
Boeing 737 used in thesexperiments consisted of 41 rivet sites from patations 430 to 470
and on left stringer 14.

2.2 ANALYSIS OVERMEW.

The analsis of inspectiondata depenéd on the form 6 the data. The models use@ds a
foundation for the aatysis are those dasissed in refance 2and implemented ithe Probabiliy
of Detection analysis softwae developed & University of Dayton Research Institutefor the US
Air Force. They are briefly explained below.

PoD arves werederived for hit/miss (déect/no deect) data usirg binary regression with gorobit
link function [2,3]. When thedaa consistel of thesignal strength on whid a hit/miss dll could
be made,the PoD curveswere fit usingregressions oanalsis of varance modelsdsed on the
signal stremgth as tle dependnt variabé. This latter method is ferred to asan a-hat(or a)



versusa anaysis, whae a is the cack length [2,3,4,5] In this amlysis someaspectof the
instrument response, is treaed as beig directly related to the crack length. Specficaly, the
regressionmodel is most often taken to e(a) =3, 3 ; n(a) + €, wheer a is thecrack length

and ¢ is the esidual eror and isassumed to hava Gaussian distribution with mean 0 and
varian@ d. The paametes B, andp:, definingthe ©lationship, and the amount of rigion @)
remainingafterfitting the model are estimatedybmaxmum likelihood estimabn. The orignal
guantities, & or a, ether shgly or togeher, can be usd n the amysis insead ¢ their
logarithms. The choices aremade according to whidh best sdisfies thelinear assumption.

In both thehit/miss ad sigha daa modds, the basic PoD mod! is extendal to include
explanabry facors oher than cack length. Primary variables included n the analysis are the
surfa@ condition of the test spenen, amle of crak, and the numdy and Iacation of cacksat
each riwet inspection.The leels considered in thanalysis pregnted hee ae given in table 1.

TABLE 1. TEST SPECIMEN FACTORSAND LEVELSINCLUDED IN ANALYSIS

Facors Levels

Surface condition | paint,bare

Crack amgle 0 deg(horizontal), 11 deg, 22 de

Crack location -1 (left only), 1 (right only), 2 (both sides)

The crack lengths in the speimens are reasued from therivet shank. In some & the
inspectionssignals wee prodwed that eflected oveall conditions at the rivet site ancesg not
specfic to each side of the rivet where a crack mght be. In these cags, anajses were
performed for each d the eylanabry variables, sum of crak lengthsand maxmum crak
length. In those cases wherhe rivet contains wo cracks, he sum of crak lengthsdoes not
repreenta agacktip-to-crack-ip length becausetierivet hole diameter is notincluded.

All the figures showirg estimated PoD cues also show the Q%ercentupperconfidencebounds
for the crack length estimated to hare a detection rae of 50 percent and the crack length
estimated to have ai@ction raé of 90 percent.This was thoudnt to beadequat to indicatethe
strengh of the data for makig the PoD cwe estimations without clutterintipe plots. The
methodfor calculatingthe confidere boundsfor probability of detection crack legths is gven
in references2 and3. In tablesaddessingfalse @lls, the falsecall rae is denoted » FCR and
the 95 perent upperconfidene bound is denotedylFCRgs.

3. EDDY-CURRENT EQUPMENT AND TECHNIQUES

3.1 NORTEC 30 EDDYSCAN

Theinspetion rdiability of the Nortec 30 Edd/scan was reported onearlier [6]. A follow-up to
the earler chaactrizaton in which signal stength and diferent seup sandads ae used s
reported on &re.



3.1.1 Nortec Experiment Backround

In afollow-up to an earlie repated exeriment f], sighal data wee aquired on 12 bthe test
specimens. A Nortec epreentative peiormedall inspections over aepod of 2 dgs. The

inspectionsincluded a setup on a 0.08ch standed and a etup on a 0.060-inch staadl.

Limited data vere also takenrbm a setup on a 0.040ch standard.The tesspecimensncluded
an equal numberfgaintedand bae panels.

For each of he inspecions, he equpoment was setup for the signal to readapproximately 80
percentfull scaé on he ske of the electro-dischargemachned(edm) notch d interest For the
0.080-inchset up, the 0.060-inchstandrd prodwced a sighal of 40 pecent full sale, and the
0.040-inchstandardproduced asignal of 16 pecentfull scale. In the 0.060-inch setup, the
0.080-inch standardrpduceda satuated sighal and the 0.04hch standed produ@d a signal of
30 percent full sale. Table 2 contans the resulting sdup parameters. Also shown fo
compaison ae the paraneters from réerence 6. Note The aarm level was se& during the
inspections d a level slightly less tha ore-hdf of the level obtaned for the setup notd.
Howeve, the anaysis addesseshe mpact of changing that value.

TABLE 2. NORTEC EDDYS3CAN INSPECTION PARAMETERS

Setup on 0.080-| Set up on 0.060-
Paameter Inch Standard Inch Standard | Refereme 6 Setup
Gain 28.0 dB 33.0dB 28.5dB
Gate start | 250 micro seconds| 100 micro seconds| 100 micro seconds
Gate width | 50 micro seconds | 50 micro seconds | 30 micro seconds
Alarm level | 35 percent 35 percent not used
Rotation 0 degrees 0 degrees 354 degrees

During the inspections,the signals for ary rivet inspections that we noticeély above
baclgroundwere stored in the Nortec 30. This included all ginals aboe 10 pecent full scad
andmostbetweens and 10 percent full scaé. Upon reachirg storge @pacity, all signals wee
printedandlabeled. For analysis, the percentof full scalewas measued direstly off the printed
signals.

3.1.2 Nortec PoD Amlysis.

Theinitial andysis of the signal daa was to déermine the call level, as a pacent of full scale,

for which fdse cdls were produed. There are two types offalsecdls made Thefirst typeis to

make a call thata crack exsts atarivetwhenthere s no aack tere. The oher type d false cal

is to make a call of multiple cracks & arivet when thereis only a single crack. Table 3 shows
the numberof false calls, therate, and th 95 pecent uppe confidence boundor three different
cal levels.



TABLE 3. NORTEC EDDYSCAN FALSE CALLS

Setup on 0.080Ach Standard Setup on 0.060nch Standard
Cdl Leve Crack+ree False Sgnals at Crack+ree False Sgnals at
(Percent Rivets Identified, | Cracked 8es, | Rivets Identified, | Cracked $tes,
Full Scale) FCR, FCRgs FCR, FCRgs FCR, FCRgs FCR, FCRgs5
30 0, 0, 0.018 0, 0, 0.069 0, 0, 0.018 0, 0,0.069
25 0, 0,0.018 1,0.024,0.108 2,0.012,0.039 | 1, 0.024, 0.108
15 1, 0.006, 0.029 | 1, 0.024,0.108 2,0.012,0.039 | 3,0.071,0.174

An a versus aaralysis was peformed on the aa shown in fjure 1for each d the setups.In
the gaphs of fgure 1, dfferentsymbols ae used fo the @ses ofthe signal being at a rivet site
containingonly a left crack, onl aright crack, or acrack both left andright. Two cracksatthe
samerivet would be diaretrically opposedrom each otherUnder the® conditions, there &8
more crack sgnal variation due ® an apprentincrea® in the uncetainty of the centering of the
probe. Thatis, theinspector wasble to shift the sigal from one side to the oth@as he moved
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FIGURE 1. NORTEC EDDYSCAN LOG SGNAL STRENGTH VERSUS
LOG CRACK LENGTH

A similar phenomenomaccounts for théalse sgnals fora second @ck when ony one crackwas
present. In this @se, if the single crack was modeatdy large, it had the effect of pulling the
center ¢ the probe toward it. In doing so, theprobewas more likely to pick up the rivet edge on
the opposingide and disphaa signal that was intengtedas a seond cack.

Theonepointjustunder the satation line (x= 6.7 = In(812 mils)y = 4.6= In(100 percen})in
the 0.080-inch standardtap wasconsidered to ba satuation point in theanaysis. Although
thesignal was not saturatetbr this point, it occurreét a rivetcontainingtwo cracks. The othe
side of the sighal was satwated andcorresponded to arack that was lege and visually
detectable. The phenomenonfasignal transér from side to side as previoystliscussed as



bdieved to bein effect. This, mmbinel with thefad tha this point &erted substatial influence
on theresults, lel to mnsideing it as saurated.

PoD arves estimated from thelog signal strength versus | length analysis are given in figure 2
for three threshold levels and the two seups. An estimated 90 percat ddection rae was
achievedat both setups forracks tle lergth of the setup notch, ugjr80 pecent d full scalefor
making cdls. This was with no fadsecalls. At athreshold of 15 prcent full scale, falsecall rates
for a rivet site vere in the 0.5 to 1.0gocent rate. The 90 pecent dtectable cacklengths were
0.061and0.047 inch. Theseare consistent with previouglrepored values §] but indicate that
detection reliabiliy can be improved without substantial cgesin thefalse call rate for rivets
by setup ora smaller stanad.
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FIGURE 2. NORTEC EDDYSCAN PoD CURVES

Table 3 indicates tha thefalse cdl rate for cdling two craks d sites that contan only a single
crackis higherthantheratefor calling a noncracked riveds cacked. With the 15 perent full-
scale threshold and ugithe 0.060 gup, the rat for addinga crackto analready crackedrivet
wasaround7 percent(3/42). Making such a dll is likely to be inconsegential, as repir actions
will likely assurefurther investigation.

The use of a andardelectredischage machied 0.040-inch notclas areference setupwas

pursued briefl. Ore of the pinted and one fothe bare parels were each inspeced using a

0.040-inch edm notch as a reflece sandardand settinghe sgnal to 80 percenof full scale.
The parametersfor this inspectionwere the sames for the 0.060etup in table 2 egept that the
gain was sé a 41 detbds. Thee were not enough data to estimate PoD curves properl.

However, it was dea from this limited inspe&tion tha the inspector spent moretime centering

the probe andttributed more of the gmals to baciground noisdrom the rivets.



3.2 KRAUTKRAMER BRANSON CRACKHNDER.

McDonnell Douglas nondestrttive testing personnel pd&ormed inspections usingthe
KrautKramer Bransons Crackfindr. The experimental results preated hereare only a pat of
their independent euation of the instrumentExperiments usinghe Cackfinde were carried
out in two diffgent time peiods. The first s¢ of experimentswas performed to characterize two
different units combined with two ddfent pobes. The scond set of experimentswas
performed taanswe questions conering procdures.

3.2.1 Crackfinde Experiment 1 Bckground

Four corigurations of the Kautkramer Branson Crekfinder were tested. Configuration 1

consisted of a basunit (commecially availablg with a 0.25-inchprobe opelating at 500 kHz.

Configuration 2 was the same #se unit with a 0.50-inch rpbe opeating at 320 kHz

Configuration 3 used a modified unit developedNdcDonnell Dowglas, in which tle sensitiviy

had beeneduced, withthe sameprobe usedin configuration1. Configuration4 wasthe redwced
sensitiviy unit with the 0.050-inchprobe ofconfiguration 2. In reportirg results the following
codeswill be used: U25 (unmodified unit with 0.25-incliope), U50 (unmodified unit with
0.50-inch probe), RS25 (reducedsensitiviyy unit with 0.25-inch probe), and RS50 (redd
sensitivily unit with 0.50-inch prob) for configurations 1 to 4, respectively

Inspections of thesmadl test speimens accurred in two diffeeent modes. In the first mode
inspectionsvere performed with the test specimens mountedframes to simulate ap splice
on an aircaft. In the second mode, ¢hinspections we peformed ona laboratory berch top.
All inspections of the two larger pands were performed with thepanels in avertical orientation,
simulaing thesideof an aircraft.

The inspections of the largerels and theframemountedsmallerpanelsrequiredthe inspector
to handle the test equipment just as he would wingmectingon the sideof an aircraft. The test
surfae wasvertical with arow of rivets at about eglevel. In this cae the inspector @sl a rck
strgp and rested thebottom of theinstrument on thelower part of thechest. The neck strg held
the upper portion of the instrument ah amgle that mad it eay to look downfrom the
inspection siteto view theinstrument.

Prior to startingthe inspection the inspr used staratds with edm notchesf &nown 0.150-,
0.100-,0.080-,and0.050-irch lergths in settingup the inspection taskl'he unit was adjusted to
obtain full scale (39-40 light bgréor the 0.156inch notch. Setup eadirgs of 29, 19, and 4 ¢iht
bars wee obtainedor the 0.100-, 0.080 and 0.050-ioh notches,aspectively. All subsegant
setups nomina}l matched thesvalues.

All the inspections for the 0.25-inclhope were performed usinga 21/32-inchcircular guide for
the probe froma drdtsmen template.Thosefor the 0.50-ich probe usd a 7/8-inchcircular
guide. The inspecobr visualy centered e&h rivet within the guide and hen ran he probe seeral
timesaroundthe guide. The position of the prabat the time o& sighal enabled tl inspector to
charaterize the direction of the aack. For all detects, the daction (to the reolution of top,
bottom, left, or rigpt) and the sigal stremgth (numbe of lights out of 40 possibleyere recorded.



3.2.2 Crackfinde Experiment 1 Analsis.

Figures 3 and 4 sho the data tht wee analzed. For the Crackfinder, 40 light bars represent
saturation. No calls wee mace that wee less than 5 dght bars. Thus, theanalsis was
performed using 4 as arecording threshold. This is @uivdent to assumingtha all signals for
which no call was magl were 4 orfewer light bars. Inthe & versus a adysis, sduraed signds
were teaedas rght censoed valies andhe no @llswere treaed as éft censoed [7].

An initial anaysis indiated tha the bench top versus frme fador made no differencein the
results. Thus, this factor is not presentegrds The paint and &e surface inspetion conditions
were stdistically different for most of theinspections. Estimded PoD wrves are given for each

of theunit andprobe combinations figures 5-8. False ell rates ae given in tabé 4 alomg with

95 percent upgr corfidene bounds. The thesholds of 5, 10, and0 light bars for makingcalls
are epreenid in each of hefigures.

In dl cases the false call rates weae higher for the panted suface than they were for the bare
surfa@. The dtecion raes wee less for he panted suface than for he baresurface (as
reflected in larger crack lengths to abieve the same deedion rae) in dl cases except the
reduced sensitivity unit with the 0.25-inch probe. However, the flse call rates wre
substantiall higher for all three thesholds on the painted $ace (0.19,0.14,0.03 thanfor the
bare suface (0.01, 0.01, 0)The paint condition had greater impact wén the 0.50-inchmpbe
wasusedthan wren the 0.25-inchmpbe was used.(Note the sca chage betveen the bre and
painted surfee graphs of fgures 7 and 8.)
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FIGURE 3. CRACKFINDER DATA FOR 0.25INCH PROB=-UNMODIFIED AND
REDUCED ENSTIVITY UNITS
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TABLE 4. CRACKHNDER FALSE CALL RATES WITH 95% UPPER
CONHDENCE BOQUNDS ()

Threshold
Unit/Probe | Surface 5 10 20
u25 Both 0.149 (0.172)[0.073 (0.091)| 0.010 (0.019)
RS25 Bare 0.011 (0.028)|0.007 (0.023) 0 (0.011)
Painted |0.189 (0.223)(0.137 (0.168)|0.028 (0.045)
uU50 Bare 0.004 (0.017)|] 0 (0.011) 0 (0.011)
Painted |0.019 (0.034)(0.017 (0.031)|0.007 (0.018)
RS50 Bare 0.011 (0.028)|0.004 (0.017)| 0 (0.011)
Painted |0.040 (0.060)|0.021 (0.037)|0.007 (0.018)

The assumption about the loweredsinold for storig the daa will impactthe estimatedPoD
curves. Thus, ifathreshold of 5 réher than 4 is &suned, thefitted PoD awrves would shiftto
theleft (that is, hidper estimated prability of detection). In the cags looked at, the shiftas
between 0.01@nd 0.015 inch.Because of the integl natue of the responsewhich wasthe
number of lidnts in the signal, véous modelingscanarios couldbe argued. The modeling error
associated with thesessumptions is of the order of 10 torb8s in the placementandshapeof
the various PoD cues.
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3.2.3 Crackfinde Experiment 2 Bckground

A second set oéxperiments was p&srmed to obtain prability of deection informatiorusing
different pocedues. Two procedues were employed in the second visit.The first procedue
will bereferred to as thetemplae procedure For tha procalurethe inspector used a13/16-ind
apertue on a draftsmantemplate with the 0.25-ich probe opratirg at 500 kHz The templags
procdurediffered from that of thefirst visit in tha it widened the aperture, keeping the probe
completey off the rivet head. This was not the case ithefirst visit. Thiswasdoneto eliminate
the nunerous fade calls.

The second prcedue used theane prole but emplged a steight edge to passthe probealong

a vertical tangent to therivet heal edge. This pocedure will be referred to as the transverse
procedue, as the intent # to pass the probependicular to the nentation ofthe cracks. The

known locationof crackson the testpanels (left and rght sides of the riv@trequired the latter
procedue to be done in twogsses, one foeach side of theivet. A straight edge was placed
alongtherivet edje andusedasa probe guideto assurdhat the probeitself was not passimg over
therivet edge. For efficiency of measurenent, one side of the 2@vets on eah test panel as

inspected,the parel turned and the otlr side of therivets was then ingeted. For both
procdures, thereduced sensitiviy unit from experiment 1 was usel.

The Crackinder was set to ligpt 20 bas (1/2 scalgfor a 0.150-inchstandrd. For the painted
panels the instrument wamnulled and vas cheked ona known dedct-free site whee thesignal
was a single bar. To simulate the #&ct of the painted sfiaces the 0.15-inch staad was
checled throgh two sheets ofagper. The sgnal was not notieably degraded.

3.2.4 Crackfinde Experiment 2 Analsis.

The procedure®f the second visit were successful in eliminatihg falsecalls. There was oe
false @l made with eah of the two proedues. This was out of 700dfect-free rivets. For the
transversgrocedire eachof two sideswasinspected. Thus, thee wae 1496 distinct chares to
produe afalse call of which only one false call resulted. After theinitial template inspedion,
the inspetor wes asked to renspect the rivet on which the one false cdl was made The
reinspection did not produe acdl signd. This implies thd the earlier false call was technique
related.

The signals asmeasued by the nunber d bars ersus cack length are pesengd in figure 9. Of

immediatenote is that cracksfdengths exeedig 0.2 inch vere missed with the tempkat
method. Both procedures ekibited a general rise d the sgnal stremgth with the cack siz.

Howeve, the template pedue prodweed vey few nonsaturad signals above théhresholdof

four lights. Those that did amr were all on bae panels. The transvese readirgs seened to

plateauat 35 bas rathe than 40 bes. This latter phenomenomwas obseved durirg the

inspection but went uneplained. No intentiond resdting of the equipment hal taken place.

(Thetranswerseproadure followed the template procedurein gathering the data.)

The estimated®oD cunes foreach & the pr@edure are shown in fyures 10and 11. The PoD

curvefor the higherthresholdis not shown,asit is unnecessg to g to 20 lghts to remove the
false cdls. In the templae procedure thee were eight sgnds tha were nather sauraed nor
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bdow the assume ddection threshold of fou lights. The signals from the eight wereall above
10 lights, and therefore the thresholds of Jand 10 ligit bas would result in the samestdcts.
The curvesfor the two thresholdsare similar and reflect the lgiest cack missed of 0.203 @
and the smallest otk detected of 0.128 inch.
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FIGURE 9. CRACKFINDER SGNALS-TEMPLATE AND TRANSVERSE PROCEDURES
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FIGURE 10. SECOND VBIT CRACKFINDER PoD-TEMR.ATE PROCEDURE
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FIGURE 11. SECOND VBIT CRACKFINDER PoDs-TRANSVERSE PROCEDURE

There was no statisticayl significant diffeence in the efiect of the surfice condition on
inspection results for eitherrgedure ued durirg the seond visit. However, because the
transversgrocedire resultsin the probe movig alorg a tamgent to the rivet haed, geometric
considerationsuggeststhat the agle of the c¢ack ould havean influene on the detion rate.
The panelshawe flaws nominally at0, 11, and 22 dgrees fom horiontal. Therefae theeffect
of off-angle cracks couldestudied. The crack angleeffect was norexistent within the template
procedue, aswould be suggestedby its nature. For the tansvese pra@edurethe efect of going
from horizontalto 11 degeesoff-angle wasnot significant, but thefect of the 22 dgree off-
angde ciacks fom the others @s sigificant (p <0.05. The estimatedP?oD curvesfor thesetwo
categoriesare shan in figure 11. The PoD cures for the 22 eyree cracks ae steper, buthave
approxmately the same 90 percent detedion aadk lengths @ was estimated from thehorizonta
and 11 dgree cracks. Thus, he snaller cracksare kss Ikely to be dtecied.

3.3 HOCKING FASTSCAN

3.3.1 Hocking FastSan Backrround

The FasBScanprobe consts of the probe assebily andanapertire guide. To inspet for cracks
from beneath faseners,the aperture guide is cenered on herivet and hen te probe s placed
into the gperture  Bearings on theperimeer of the guidealow the probeto be freely rotaed.
The probe is then raied by wrist action for 90 to 180 dgrees. Through balanced coils and
symmetrial rotationa completesignal fromaroundthe rivet is obtainedThe pobe is degned
to minimize the signd from therivet itsdf. Dud frequency techniques are aso enployed to
reducethe commonmode sgnal profile. The FastScan prabcan le used with vaous Hockirg
instruments.In the experimentseportedhere, it was ued with the Phasec 3.4he Phase 3.4
provides thredrequenciesand a fou-channel opeation.
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A represendtive from Hocking peformed he inspectons using the Hocking FasBcan over a
two-day period. The apeture guide and proles come in seval sizs to matchthe size of the
rivets beinginspected. In the inspections repted hee, Hocking probe 851P103 and apure
guide 851A003vere used.

Results from thre different seups arereported. In dl cases, the probeliftoff signal was in a
horizontal direction and cck signals weke in a vatical direction. Thefirst setupwas basedon a
standard containgh a 0.0406inch notch. The sigal for the 0.04Ginch standad coverel
approxmately 8 divisions on the instrument screeifwelve pamls were inspecéd usingthis
setup on the first da Paraneters fa this and subsequesetupsare given in table 5. The
Hocking naming conventions for théour channels ee used in tablé.

TABLE 5. HOCKING FASTSCANINSPECTON PARAMETERS

Freq | X-gan | Y-gain | Phase
Channel| (kHz) | (dB) (dB) (argle) | X St | Y St
Setup 1 1 6.00 51.0 51.0 2.5 0 0
(0.040- 2 30.0 60.0 60.0| 197.5 0 0
inch 2' 11.6 6.2| 337.0 0 0
standard) A 5.0 301.5 0 -40
Setup 2 1 10.0 46.0 46.0| 333.0 0 0
(0.080- 2 30.0 52.0 52.0| 197.5 0 0
inch 2' 9.0 0.8 11.0 0 0
standard) A 5.0 345.5 0 0
Setup 3 1 10.0 52.0 52.0| 333.0 0 0
(0.040- 2 30.0 58.0 58.0| 197.5 0 0
inch 2' 9.0 0.8 11.0 0 0
standard) A 8.5 345.5 0 0

In the original setup,signals from rivets at thedge of the panels @re very similar to the ginals
from the 0.040-inch stamadtd. The inspetor was foraed to judge the ghal asbeing due to edge
effects or due to the psene of a ciack. Ten pecent of therivet sites wee on theedges. After
the first days inspection the inspetor experimented with the sdup and eliminated the edge
effect with setup 2. The paametes of setup 2 wre chosento makethe 0.080-inchstanard
produce a gnal thatwas cbse o full saeen. The setip 2 sandard signals were appoximately
11 divisions for the 0.080-inch notch, 6 divisions for the 0.060-inch natch3 divisions fothe
0.040-inch notch.

Setup3 differed from setup 2 in that thgains wee inadea®d so that the 0.04-inch standl

produced a gnal of approxmately 10 divisions. Only the sixbare panels we inspected with
this seup.
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3.3.2 Hocking FastSan Analsis.

The ZA channel sigal was ued to make als. The inspectomwould call out the numberof
screendivisionsfor the signal at each rivet site. An experiment monitor recorded he \aues.
The inspestor did not &empt to identify individud cracks at each rivet site as this information
was not readyl available fom the displged signal. In figure 12 the signal magnitudesare
plotted versus the marum crack legth at e&h rivet fa each of the setups. Any signalsabove
16 divisions were repted as satated andare plottecat 17.

In setup 1 the smallest crla0.026-irch) with a sattated sgnal ocurred at one bthe edge
sites. The nspeacbr atributed he sgnal to anedge effectand dd notmake the call. Of the 24
rivet sites that were insped on theedge of panels, 10 of them hadracks. All but two of these
cracks wee propely identifiedin setupl as beig cracked. The two snallest craks (0.026 and

0.042 inch in lenth) were missed. Setup 2 sigals on thesecracks were 0.5 and 2.5,
respedtely.
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FIGURE 12. HOCKING FASTSCAN $GNALS ON SMALL PANELS

Table 6 showsthe number andrate of false @lls at different signal thresholds. Theseare
important when consideing the PoD vdues estimated for the various signd thresholds. The
false cdl rates for bare versus @inted surfaes were significantly different for setup 1. Both are

shown. For sa@up 2 thg were not siguificantly different, and seéup 3 was alimited experiment
performed on} on kare paels.
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TABLE 6. HOCKING FASTSCAN FALSE CALL RATES VERSUS SIGNAL

THRESHQ.DS
Setup 1 - Painted Setup 1- Bre Setup 2 Setup 3
82 Unflawed 79 Unflawed 161 Unflawed 79 Unflawed
Sites Inspeted | Sites Inspeted | Sites Inspeted | Sites Inspeted
Threshold| No.- (rate %) No.- (rate %) No. (rate%) No. (rate%)
10 1-(1) 0-(0) 0-(0) 0-(0)
5 8 - (10) 1-(1) 0-(0) 0-(0)
3 20 - (24) 8 - (10) 2-(1.2) 3-(3.8)
2 40 - (49) 33 -(42) 12 - (7.5) 26 - (33)

Sinee thesignd data areby rivet sitg thereis aquestion & to the appropride value to usefor the
explanabry variable crack length at those sites havingvo cracks. We consideed two difierent
modds. In ore modé we use thesum of thecrack lengths a the indegpendent variable with the
numberof cracks pesent beig an additional eplanatoy factor. In the ®cond model &
conside the maximum aack length present as the indgpendent varieble with the number of
cracks, gain, being an addiional explanabry factor. In boh cases, f a shgle crack was pesent
the independent viable wes its lengh.

When usingthe sum of crak lengthsas he exlanabry variable, the factor numberof cracksis
statisticaly significant (p=0.0). Using a @l threshold of 10, the nan (50% @tection rag) for
a singe crack is 0.052 inch and the rae for 2cracks is 0.070 inch.

When using the maximum crack length as he chef explanabry variable and usng a cal
threshold of 10, the meartdction lemth for a sinde crack isestimatedo be 0.051inch. For a
doublecrack,the meandetection legth is estimated to be 0.044 inchlowever, this diffeence
was not statisticafl significant (p=0.08). Therefore, the variable maximum cack length was
chosen foradditional analsis.

The surfae condition (paint versus bar was not a gnificant factor. Neither was the
interaction between surfae condition and the numbe of cracks present. The estimated PoD
curves fa the thre setups @& shown in fjures 13and14. The observedfalse call rates(FCR)
and upper 95gcent confideoe valies (FCRgs) aregiven in table 7.

A threshold of 2 leds to ecessive false cdl rates in dl cases. A threshold of 3 leads to
excessive falsedlls in the two setups that used the 0.040-isEndrd, butthe 1.2 percentfalse
call ratein setup 2 nght be considesd tolesble. Using a thieshold of 5 divisions for the more
conservativeeup 2 led to an estimated 90 percent deteetedalck lergth as leing 0.074 inch.

17



probability of detection

—— Threshold = 2
O T=295% Conf.
—a&— Threshold = 3
A T=395% Conf.
—»— Threshold =5
X T=595% Conf.
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FIGURE 13. HOCKING FASTSCAN PoD CURVES-SETUP 1

Setup 2 Setu
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FIGURE 14. HOCKING FASTSCAN PoD CURVES-SETUPS 2 and 3
TABLE 7. HOCKING FASTSCAN FALSE CALL RATES
Threshold (divisions)
Sdup 2 3 5 10
1 FCR FCRys) | 0.45 (0.52) | 0.17 (0.23) | 0.056 (0.096)| 0.006 (0.029)
2 FCR FCRgs) | 0.075 (0.12) | 0.012 (0.039)| O (0.018) | O (0.018)
3 FCR (FCRys) | 0.33 (0.43) | 0.038 (0.096)| 0 (0.037) | O (0.037)
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Not reflected in the PoD daa is thetime taken to do inspetions. The wrist movenent neeled to
turn the probe in the apture guide was not taxig and tle probewaseasily moved. Howewer, a
goodinspection is based on hawrthe prole cenéred oer the rivet. Centerimg requires proer
placemenbf the apertte guide. This was done visuajl through a plastic film at the bottom of
theguide This was not & eay process dueto shalowing within the gperture guide. Low light
levels exacerlated the problem. The result wasa slow oveall inspection time becaesthe
inspectortook maty readings at rivet sites to ensuredha sigal was not theeasult of poor
cengring.

3.4 NORTEC 19e WTH SLIDING PRGBE.

3.4.1 Nortec 1@ Baclground

The use of a sliding probeto quikly inspet large numlers of rivets is @mmonin aircraft
inspection and thevariation of deection cgabilities obseved in thefield for this procdureis
also substantial[1]. The purposeof this experiment was to obtain sigl data that could &
analzed afer the inspedton in an attempt to corelate sgnal chaackristics with crack
charaderistics. Thus, multiple” & versus a’types of aralysis could be pefiormed withoutthe
burden of multipleinspections.

An NDI technician peformed inspetions usinghe Nortec 1®. The sgnals fom theNortec 19e
inspecions werecapured by an amlog to digital converter and sbredas (xy) points. Eighteen
of the small panels,evenly divided betweenbare and painted inspgon surfaes, vere ugd in
the eyperiment. The panels wre inspeted at fequencies of 20and 30 kHz Since theintent
wasto anayze the ggnal afer the inspection, the inspector made meal-time calls. He only
gatheredthe signal data. This wasdore by attachimg a straght edye with double sided tape to
eachpanel in turn and hen sannng all 20 rivet sites on he pam®, while restng the siding
probeagainst thestraght edge and scanning from left to right. The instrument setings useal are
given in table 8.Signals obtainedrom the setup standds ae shown in fyure 15.

TABLE 8. NORTEC 19eNSTRUMENT SETTNGS

Runl |Run?2
Frequency 20 kHz | 30 kHz
Horizontal gain 66 dB | 66 dB
Vertical gain 77dB |77 dB
Rotation 317 328
Low pass filter 100 100
high peass filter 0 0
Probe - SP0O-3806 (1 kHA00 kH2
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0.1 inch crack 0.1 inch crack

-45 35 BT -15 05 05 -4.5 gs - -1. -0. 0.5
lift off -1 4 . -1 4

2

y (volts)
y (volts)

X (volts)

X (volts)

FIGURE 15.NORTEC 19e &IDING PROB:= SETUP 8GNALS

From figure 15 it is apparent that with tlggven stup, mostof the signal movenent is in the x-
axis. However, the upwak swoop of theurve is rcesary to distingiish a rivet signal from lift
off. For analsis purposeshree ponts (xy values) wee recorced fromthesecurves. The points
are the maximum height pointin the upwad risg the point fathest to theleft, and themaximum
height point on thereturn. The logarithm of theminimum negative X, (tha is, the maximum x
movement) vasusmaximum crack length areshownfor each of the two opeating frequendesin
figure 16. In figure 16 datdor all signals ae shown, includig the no faw sigals at x=0.

The signal stremgths of approimately 1.6 infigure 16 esulted from satated sgnals. Not
shownin eachof the plots arethe 16 craks with lergths greter than 0.2 inch.All resulted in
saturated gnals. It is also cler that the vaation inthe nonflawed signalsis substantiaenoudn

to hidethe smdler flaws. That is, if thresholds wee sd high enough to keep the false call rate
down, then mayof the smalleflaws wouldgo undetected.

20 kHz setup

30 kHz setup
£ T T 18 —
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max crack length (inch) max crack length (inch)

FIGURE 16.NORTEC 19e &§IDING PROHB= SGNAL

3.4.2 Nortec 1@ Analsis.

The signal responsevariable graphed infigure 16 is the natal logarithm of -Xm,. This one-
dimensiona summay of the whole signal (seefigure 15) is usd in the initial analysis.
Additiond aspects of thesignal areusal in latter analysis. The analysisis initially based on the
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signals from norflawed rivets. That aalysis is followed ly a regressionanalsis on the signals
from the flaned sites.In the iegression, the signaksponsesia the @épendenwariablesand the
crack kengths are he indepenéntvariables.

3.4.2.1 Analysis of Sgnals From Non@acked Rivets.

Before analyzing the crack daa, we analyzed the inspetion signals from therivet sites with no
flaws. The effect of frequery can be sen in figure 16, with the lowr inspection fequery
producirg larger signals. In figure 17 the sighal movement in the xirection is shown yrivet
for two of thetest panels. It is gppaent from thepdaterns thathere is an individud rivet effect.

In the secondinstane (panel 16), the trend for tke 20-kHzinspection data is consistent with
signal losses due to nontered probe on th rivets.

Panel 3 Panel 16

><19-

0 5 10 15 20 0 5 10 15 20 25
rivet number rivet number

FIGURE 17.NORTEC 19e—NC-LAW SIGNALSBY RIVET WITHIN PANEL

In addtion 1 the rivet effect, there wasalso a pad effect Thatis, for a given inspection the
signals exnibited panel-to-pasl variations bgond thataccounédfor by rivet-to-rivetinspection.
This is seen in figre 18, whee the maimum movement in the ®irection ofthe signal (see
figure 15) far each nonflaved rivet site igraphed.

Signal level - 30 kHz Inspection

o5 .  Dbaresurface ~ painted surface
244 % - - 4- ++$ 77777777
2.3-57 ¥ §++ ,I,,"i,,,_,_,_,_
éiﬁiqiiz* e,
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s of ¥ Ty ifﬁi
191 —¢~f;w,,;,u,*,*iif*,
18- ,,,,,, +,,+,
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16 p:alﬁéls. SR S

FIGURE 18. NORTEC 19e—NCFLAW SIGNALS BY PANEL
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Table 9 contans theestimates of vaiance from aone-wg andysis of variance of the maximum
X movemenin the sighals from the nonflaed sites. Also gven is the total variation estimated
from each full set of dataThis total variation is then used éstimatethe responsdevelsthat
would resultin falsecall ratesof 0.05, 0.02, 0.01,ral 0.005. For example, for aresponse that
has a Gaussian distribution, apgroately 5 percent of the valuearemore than1.645standrd
deviations from the mearesponse. This multiple of the total obseed standarddeviation is
addedto the mean responskevel to estimatethe response that would lead to a B.@alsecall
rate. A similar process,with approgiate multipliers, is followel to deermine the other fase call
levels. The data from20-kHz inspectionof pard 16 (se figure 173 was not included in the
estimatesof table 9. It was judjed to be indicative oan aypical situation, thougt to be a
straight edye misaliggment thatesulted in the probe noelmg centeed ove all of therivets.

TABLE 9. NORTEC 19e—NGFLAW VARIATIONS AND FALSE CALL LEVELS

Inspection frequeny 20 kHz 30 kHz

Surface| Bare | Painted | Bare | Painted

Standard Deviations-
within panel 0.091 0.121 0.078 0.096
between pnel 0.100 0.127 0.042 0.073
total observed 0.131 0.171 0.088 0.118
Mean Responskevel | 2.668 2.616 2.248 2.112
FalseCdl L evels

0.05 2.883 2.897 2.393 2.307
0.02 2.937 2.966 2.428 2.355
0.01 2.972 3.013 2.452 2.388
0.005 3.005 3.056 2.474 2.417

Fully specified praedues foran inspection would includestsing a responsedvel for makirg a
cal. Thecdl level is often speified in terms of the signds obtaned from the no crack signa
and the setup ack sgnal. A commoni applied theshold for makig calls isto usethe level
half-way between a nonflaved sgnal and tle sighal from aflaw of knownsize. From the signals
of figure 15, fo the 20-kHzinspection theesponsdevel halfway between the nonflaved signal
andthe signal from the 0.100-irch setup would be 2.943or the 30kHz inspection the halfwa
responsevould be 2.787. From table 9we se that appling this halfwa criteria for making a
call would result in a falsecall rate of appoximately 0.02 for the B-kHz inspection, but less
than 0.005 for the 30Hkz inspection. Of cours, decisioncriteria other than setting a level
halfway between the n@rack and tk crack sgnals could bepplied.

3.4.2.2 Analysis (4 Versusa) of Siognals Fom Craked Rivets

In the following analysis we u® the natural Igarithm of the xexcursion as the response
variable. The meximum crack ength (when wo cracks a@e present is used aghe indepenént
variable rathe than its logaithm beause the relationship withthe signa is more linear (see
figure 16). The oneerack versuswo-crack dfect was significant whenthe total crack length
was usedin the amalysis, whereas the éect was not sigificant at led p=0.05 when th
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maximum crack length was usel. For this reason the maximum aack length is a beter
explanaory factor than is thetotd length.

The data foboth inspections weraralyzed in agenera linear model. The effectsmodekd were
the angle of the crack from horizonta (3 levels) and the surface condition (2 levels) with the
maximum crack ength included as a cowriate. In the amlysis presenéd here only the
nonsaturated gnals ae included.

Crack angle was initidly included in themodd as a threelevel factor (horizontd, 11 degees,
and 22 degrees). The 11-degree and22-deyree off-angle cracks had sirlar effects that vere
significanty differentfrom the horizontal cracks. Therefore these wo were conmbined and he
model was fit to a two-levelngle factor (haizontal and off-agle). Theinteractionof angle and
surface condition wa indudeal in themodd and was significant. However, the test spe@émens
with bare surdces did not contain gnof the 11-degeecracks andthe off anglecracks within the
painted surfees were mosty 11-degreecracks with a Bw 22-degree cracks. It is possiblethat
the efiect due b the 11-dgree of-angle cracks is closer b the haizontal effect thanto the
22-daree off-angle effect and that the mginal indication to the contrg was due to artial
confoundirg of the suface condition with the ghe affect.

Figures 19 throgh 22 show theestimated PoD wirves when thethresholds ae sd at false call
rate levels dtermined fom the nonflawed sighals. As discussedatlier, the off-angle category
for the bae suriace rdlects an inflence d 22-dayree cracks, wheeas it is 11-dege df-angle
cracks hat arereflecied in the pinted catgory.

horizontal cracks off-angle cracks
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FIGURE 19. PoD ESTMATES FOR NORTEC 19e BIDING PROHEe 20-kHz INSPECTONS
ON BARE SURFACE
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FIGURE 20. PoD ESTMATES FOR NORTEC 19e BIDING PROHEe 20-kHz INSPECTONS
ON PAINTED SURFACE

1,00 -
0.90 -
0.80 -
0.70 -
0.60 -
0.50 -
0.40 -
0.30 -
0.20 -
= 0.10 -

0.00

robability of detection

horizontal cracks

0 001

0.02 003 0.04 005 0.06

crack length (inch)

——FCR =0.05
—a—FCR =0.02
—»—FCR=0.01
—+—FCR =0.005

+X>0O

FCR=0.05 95% Conf.
FCR=0.02 95% Conf.
FCR=0.01 95% Conf.
FCR=0.005 95% Conf.

probability of detection

off-angle cracks

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
crack length (inch)

——FCR =0.05
—a—FCR =0.02
—»—FCR=0.01
—+—FCR =0.005

+X>0O

FCR=0.05 95% Conf.
FCR=0.02 95% Conf.
FCR=0.01 95% Conf.
FCR=0.005 95% Conf.

FIGURE 21. PoD ESTMATES FOR NORTEC 19e BIDING PROBE 30kHz INSPECTONS
ON BARE SURFACE
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FIGURE 22. PoD ESTMATES FOR NORTEC 19e BIDING PROBE 30kHz INSPECTONS
ON PAINTED SURFACE

A cleaer indiction of the relationship bewen flse call etes and detection rates can be
determined ly constucting a rektive operating chaactristic (ROC) curve shaving the chamge
of probability of detection versus the fadscall |te [8,9]. These curveareconstructedy setting
asignd level (determined by crack length) and then varying thethreshold for m&ing acdl. The
false @l rate far agiven thieshold is modeledybthe normal distribution as discusseallier. To
modé the probaility of detection it is assume tha the signal, In(maximum x movement) is
distributed as a normal randonariable with mean equal tof3,+3 ,[¢racklengh and with

varian@, &°. The ROC curves for tvo of the bae surface hspecions ae shownin figure 23 for
five signal levels detemined ly cracks in 0.01 inch inements.
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FIGURE 23. NORTEC 19e ROC CURVES




Up to this point ont a sirgle chalcteistic, the horibntalmovemenof the signal, hasbeenused
asa respons to establishreliability estimates. Could additional sigal charaatristics, such as
height or vertical movement, be included to inadease the reiability of theinspection? To answe
this question we look at usingiore of tle sighal to predict thecrack length. This is done
throudh an & versus aanalsis thatincludes an invers rggression step.This technique is e
and is eplained in more detail in the followinggction.

3.4.2.3 Use oflnverse R@ression in Analsis of Sicpals.

In the & versus a aalysis the crak length, a,is assumed to be knowmithout errorand the
signal response, &, is mesured with eror. Here we consider the straght-line regession
expressed ag = o + B1X + €, whee € has normal distribution with mean 0 andriemce 8. The
sanetype of modd has bean consicered in thecalibration literature wheretheaim is to providea
prediction of the undeying x value afér calibrating thecurve by estimatig 3o ard 1. The
suggested pediction is (y- Bo)/B1. In the stdistical literature, this is referred to as inverse
regression. (See reference 10 and citationgiven thee.) The aboveguantity (with y = T) is the
mean of thenormal distribution wirvetha estimates theprobability of detection.

Since the sigal, cenotedy, is meant to predi the unknown quanitx, we can regressthe
known x’s againsty and crive acalibration line that trafiermsy into an estimate of the' x
That is, fit theequdion x =y, + y1ly. There area nunber ofcitations n reference 10 fo ariicles
addressig the conditions for with the preditive equationwith y's does beter than the
predictive equation with the’s. We do not pursue this aspeat the subject,but rathe we
conside how theregession of xontoy can be usal to deive the probaility of deedion curve

The proposednalsis consists of three majoregts as follows.

Step 1Let crack length (or suitable function of flw chaactristic) be tle dependnt variabé
and be denotedylx. Let the sgnal characteristic be @noted ly y. Let y,andy, be the
maxmum likelihood (least squares) estimates of tbefficientsy, andy; from thelinear
equation X =VYo + Yyily.

Step 2Using the fitted equation of st 1, derivethefits given by y'=y, +y, [¥. They' values

can be lhought of as he predcted crack length (or any other flaw chamceristic, suchas
depth, that is beingsed athe eylanatoy variable) correspondingo the signay.

Step 3Use hey' values d stiep 2 n ana versusa anaysis. Thatis, thelinearequatony' = 3¢ +
BiX is fit and theusud PoD arve estimated from theparameters of thefit. Let [30, fsl,

andd be the maimum likelihood estimates ofoPP1, and d, the standal deviation of the
residualerror. For athresholdof T ony use thecorrespondinghreshold ofy, +vy, [T
for y'. The estimate of the prolability of ddection curve is then given by the cumuldive
normal distribution function with meag = (y, +y, [T - 8)/ 3 and standardieviation

6=0p ,.
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The PoD funtion thd is deived from these three stgsis the sane as that derived from fitting
the equatiory = 3y + B1X andfollowing the usuala versus a aalysis. (See AppendixA for
proof.) The velue of the abovéormulation is that it can reaglibe exended to multidimensional
signd daa by repladng the linear equaion of st 1 with amore general linear regression

equation x= \p + 2Viy;, whee they;'s can be diferent aspets of a gjnal.

We will illustratethe above analsis with the Nortec 19e dataAdditional aspects of thsigial
shape dter han pst the exursion in a shgle dimension ae included n the regresson to
determineif probability of deection can be increased.

The tpical signal shapedr inspectiig arivet site can bseen in fjure 15. Theimpedance plane
trace rgesto the left, then flls while coninuing to the kft, and hen narly reraces he same
pathasit returnsto the null position. We characteze this sigal with 6 varialbds. Considering
the null position as (0,0) we denote the point of imaxn x excursion as (¥ Yo), theinitial high

point in the curve as (X y1), and the eturn hich point agx,, ¥2). We chaiackrize the ponts in

the senseof distances so thathex vaues are positive In the previous analysis we usal xp as a

and maimum aack length, maxlen, asa. We consider two etensions of this angdis. Thefirst

extension will beto conside theregession of naxlen on {xo, Yo, X1, Y1, X2, ¥}, and the scond
extension will include the above svariables as well aheir interactions. In both cassfactors
that are ginificant (p=0.05) are retained in the mad. In the interation casethe first orde
terms tha are part of thesignificant interactions aredso reained in themodeé.

Table 10 shows the fits that veeobtained. The last two columngjive the mean and standad
deviation of the cumulaive normd distribution tha estimates the probaility of deedion curve
whena predictivethreshold of 0.050 ith is used.As more @ the signal is used to predictrack
length, the PoD arves moveto theright (increasing estimate of y) and become less vable
(decreasing estimate of o) but not ly large amounts.

TABLE 10. NORTEC 19e PoDsROM PREOCTIVE FITS

Predctive Fits N N N a N
Case | Freq | (n=60 for 20 KHz, n=68 for 30 kHz) Bo B, o (T'=0.09 Y
20 | maxlen=-0.0743 +0.0422*, 0.01@ [0.82%2 [0.0106 [0.0473 [0.0128

20 [maxlen=-0.1231 +0.0490*x, + 0.0211%, 0.00® [0.8591 |0.008 |0.0478 0.0114

W

20 | maxlen=-0.3852 +0.1089%, + 0.0212%, + |0.005 |0.88% |0.009L |0.0482 |0.01CB
0.17%*y; + 0.15@*X, + 0.0140%, +
0.032*xg*X, + 0.0517%,*y, + -0.0781%.*Y,

4. 30 | maxlen=-0.0691 +0.0096*{p} + - 0.0480*x, [0.002 |0.8573 |0.01(8B |0.047 0.010

5. 30 |maxlen=-0.0831 +0.0099*{p} + - 0.0470*x, |[0.000 |0.89(8 |0.002 |0.0483 0.0108
+ 0.043%,

6. |30 |maxien=-0.2685 +0.0072*{p} + 0.0533*, + | 0.003t |0.947 |0.0066 |0.042 |0.000
-0.0352%, + 0.0671%; + 0.19B*y, +
0.008B*x, + 0.148*y, + -0.0606"y*X 1 + -
0.0631*x0*y 1 + 0.0260%g*X , + 0.0287%*x 1 +
-0.0427%5*% » + 0.0163¥5%y» + -0.1111%:*y ,
+ 0.066*y,*x, + 0.1427*y:*y,

Kp} in the fitsfor cages4-6 isan indicator \ariable for the inspection over pain
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The lack of major shifts in theestimated PoD wrves in usirg more of the inspestion signd
indicatesthatonedimensionof the signal is adequee. However, cetection is not the oglfactor
in aninspection. The inspection should also not k@sély identifying crack-free sitesas haviig
cracks. This was the reasorfor consdering the rade-ofs betveen Blse all rates and deecion
rates réected in the modelingf figure 23. We theefore also look at therpdictions from the
nonflawed sites thaesult from usinghe pedictiveequations tyen in table10. In figure 24 the
predictions at the nonflasd sites ae pregnted in probabilit plots. Graphed ornhe y-axis is the
standardnormal z score assoated wih the enpirical cunulative distribution of he pedictions,
which aregrapled on the xaxis. In this famat a population that follows aaGssian distribution
would plot as a stralyg line.

In both the20-kHz inspetions and the30-kHz inspetions themultidimensionad useof thesignal
to make predictions resulted in lemaverage cack lergth predictions at the nomacked rivets.
However, on the 20-kHz sigals therewas vey little charge for the upper portion of the
population. Thus, there would be no neltarge of the pediction level whersetting thefalsecall
rate at leels no greatr than 0.05 (t&t is, z values geate than 1.64). For the 30-kHz
inspections, thepredictive equations tha were fit to the flawed daa adso performed beter onthe
unflawed dda (tha is, dereasethe estimated cradk length). However, in this case there is more
separation in the cues at the Igher z values. The pactial consequere d this observations
tha by using multidimensiond signd daa in the manner prescribed, PoD can be increased,
without increasig false &arms, ly slightly lowering the predictie level (~0.003nch) thatis
used to make calls.

Nortec 19e - 20 kHz Nortec 19e - 30 kHz
< e o P e oo

predicted crack length (inch) predicted crack length (inch)

|- = = cael— — — cae? case3| | ------ caed — — cae5 case6|

FIGURE 24. NORTEC 19e PREECTED CRACKLENGTH DISTRBUTION AT
NONFLAWED RIVETS

The andysis presented herefor incorpording more of the signd than a singe dimension was
meant to be illustrative of a new proposed methodratysis. Somegains in probability of

28



detectionwere achieved but thg were modaest gains. Howewer, speific functions of tre sigial
other than those considel hee might produe better PoD asults. This maybe the ca if
appropriatdunctions of the ginal were identified tlough physical modeling of the gnal.

3.5 PENAL PROBE= WITH ZETEC MIZ-22.

3.5.1 Zetec MIZ-22 Baclground

An alternative to the slidingrobe pocedue given in setion 3.4 is a templatgrocedure. In the
templateprocedue a pencil probe is guidedaround theadge of each rivet. This pro@durewas
followed usinga Zetec M1Z-22 instrument. An NDI technician pegformed the inspections ovea
period of appoximately one month. The sameest specimens used in tlséding probe study
were ugd. The sgnals were capured ly an amalog to digital converter and stored as (X,y)
points.

The Zetec M1Z-22 wes set at drequengy of 500 kHzand ugd with a diferential50-500 hertz

anded pencil prob. The plase was a at 160 dgrees and th gain at 24 detbels withthe

vertical to horipntal ratio set at 10/10The inspection &s set up so that a 0.100-inch ciot
produced a ertical signal of approxmately 50 percent of full scak. The emplate apertre

diameter was'/1¢ inch. The siqual takerfrom the @libration standard is shown irgfire 25. The

first graph is of the ginal that would be dispy@d on the instrumenpanel. The secondshows
the xandy chanmls individually asa function of time.From the secondraphwe know thatthe

notcdh was on theright sideof therivet, as theinspedtor stated al inspectionsfrom thetop of the

rivet and then circled therivet clockwise with theprobe

fffffffffffffffffff 2 e

600

instrument divisions

instrument divisions

o ool oo - -4 - - time order

instrument divisions | x channel - - - - - - y channel

FIGURE 25. ZETEC MIZ-22 SGNALS

3.5.2 Zetec MIZ-22 Analsis.

Thecracksin the st panes emanae from either te right side or he kft side of ech rivet The
pencil probe inspation produces sigual that can b corelatedwith the pointsaroundtherivet.
We therefoe consider edtsideof therivet as an inspztion. The 360 rivet sites inspected thus
yielded 720 inspgtion points of which 145 containemacks.
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The signals from unflawd rivets do not hawthe structue noted in fgure 25. They are more
like random walks around énull point. The xandy valuesfrom signals produed at cracksare

correbted. We looked at pedictions usinghey portion of tte sighal, the xportionof the signal,

andthetotal distancethat the tip of the gnal was from the null point.All producedabout the
sameresultsin the analysis on the ginals produed ly cracks, but thee were substantial
differences in thenumbe of false cdls assocated with the sane detection raes. Therewere

substatialy fewer false cdls in theuseof they-vaue than with the x-value or thetotd distance

This is expected, as the direction is the direction of lift off. They variable isgraphed verssi
the logarithm of the cracklength in figure 26. The sgnals from the sigs of the rivetsat which
there wee no faws ae graphed at -4.6.

2.5

15+

05+ - -

natural log of length (inch)

FIGURE 26. SIGNAL DATA FROM ZETEC MiZ-22 PENGL PROBE INSPECTON

The nine signals graphed aaossthe top of figure 26 ae satirated signals. Thatis, the recorded
signal stregth was limited Ly the instrumentation. Thes values are properly amalyzed by
considerig them as ensored @ues (that is, known owlto be at lastaslarge asthe recorced
value). However, there was vew little difference in the fits from deeting thesedaa versus
treatng them as @ensored dta. The results presergd here are with thesevaluesrenoved. The
data look consistent with a linear modglen by,

y=cCc+g, a<ageg
y =B, ,On(a) € , a> aga

where he errar, €, is arandom ariable with zero mean and staadt devationd. Theaye is tha
crack ength for which ¢ =3, 43 , n(a), or where the sgnal, y, stats to depend on theack
lengh. Theparameter estimateare gven in table11, where the model &s fit to the painted and
bare pasls sepaately and tle corespondig PoD cures ae shown in fgure 27.
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FIGURE 27.MIZ-22 PENGL PROB= ESTTMATED PoD CURVES

Thefalse cdll rates given in teéble 11 ae deermineal empiricaly from thesignals resulting from
the inspections of the unflad sides. For example,in approxmately 5 percentof the signalson
the bare sites withoutacks,y was greater than o equal to 0.294.

TABLE 11. ZETEC MIZ-22 PENAL PROB= PoD PARAMETERS

Bare Panted
¢ (mean wiena< agg) 0.0189 0.04614
intercept, Bo 4.0884 3.7170
In(cradk length), 31 1.2604 1.2631
scak, 0 0.3500 0.2883
Ade 0.0396 0.0547
False @ll rate=0.05 threshold 0.294 0.284
asp (inch) 0.049 0.066
agp (inch) 0.074 0.093
False @l rate=0.02 threshold 0.379 0.338
aso (inch) 0.053 0.069
agp (inch) 0.079 0.097
False @ll rate=0.01 threshold 0.445 0.404
asp (inch) 0.056 0.073
ago (inch) 0.083 0.102
Hit/miss andysis (nofalse calls)
asp (inch) 0.065 0.074
ago (inch) 0.084 0.096
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The inspectormace calls as he performed the inspetion. The fits, usingbinay logistic
regression to the hitymissdataare also tyenin table 11. There were nofalse calls amog the
detections. The PoD arves as dagermined from thehit/miss adysis ae consistat with those
derived fromthe sgnal regresson anaysis whena high signal threshold (low false cal rate) is
used.

3.6 LOW-FREQUENCY ECDY-CURRENT ARRAY (LEECA).

3.6.1 LFECA Inspetion Background

The Low-Frequency Eddy-CurrentArray (LFECA) wasdevelopedat Northrop fo the improved
detection of cracks under fasteners on tle vertical stabilizers of theF/A-18 [11]. A segmented

16 colil outerreceiverarray is usedin conjunctionwith a centerdriver coil. A signal obtainedfor

an unflawed rivet site is used as aeference. Inspecion spgnals ae then conpared D this

referene sgnal and he differences ae displayed in agraphcal waveform.

Two different inspecdrs used lie LFECA system to inspectthe lap splce €st specimens at
AANC. The inspections we dore at diferent times and sefated by seveal months. The
secondinspectionresultedbecause aeview d the setup andonditions emplged in thefirst
inspection were believed to beless than dequate to demonstrae the instrument capabilities.

3.6.2 LFECA Analsis.

The displged signals ae waweforms constrated from the 16 outerraay receivers. From the
waveformsit is possibleto dgermine from which area of arivet tha a crack is emanating. For
this reason the detons areanalzed by each individual crak rather than byrivet site.

Although the LFECA system has the capabylito stoe siguals, the angisis preented here is
basedsolely ontheinspectors calls at the time of inspectiorin both inspections the inspectors
were askedo categorize each inspectioninto four ctegories. Those etegoriesare 0, noflaw
present, 1, a ght indication of aranomay, 2, modrately high indication, and 3sure call for a
flaw. Figure 28 shows PoD cues from the Igistic regressiorfits using theprobit link function.
The fits are shavn for each & the nspecbrs and by consdering detecion with respect to
relaxing the @l criteria to include arious levels of clis discussed abev

The estimated PoD arves in figure 28 are based on thedetections of theindividud cracksin the
test specimensTherefore a miss of arack on one sidef arivet affectedthe fit eventhough a
seconccrack atthe samerivet sitewas deteted. For inspector 2, ta three lagest cacks missed
were d lengths 0.057, 0.055, and 0.49 incAll occurred at rivet sites wdrea seconarack was
present (0.210, 0.193, 0.154 inchspetively). Upon review of the signals obtainedat eachof
the inspection sites, there is a sgondication that seond, smaller cksare maskedwhen a
much lrger crack is also presntatthe rivet
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a U

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
crack length (inch)

Insp 1, FCR=0.032 95% Conf.
Insp 1, FCR=0.025 95% Conf.
Insp 2, FCR=0.034 95% Conf.
Insp 2, FCR=0.006 95% Conf.

Insp 1, FCR=0.032
—&—|Insp 1, FCR=0.025
——|nsp 2, FCR=0.034
—+—Insp 2, FCR=0.006

+Xb>0O

FIGURE 28. LFECA ESTIMATED PoD CURVES—INSPECTONS BY CRACK

To ascewdin the mpactof the individual crack msses m the pesene of the larger cracks,we
also fit the inspetion results of inspetor 2 to rivet site dada. That is, each rivet site was
consderedas a hi or mss and washa@actkerized bythe length of the largestcrack preent
Those PoD curveare shown irfigure 29. Of particula interest is the shanessof the PoD
curve fa the citeria ddined by the sue call level 3, which esulted in a falseall rate of 0.006.
In fact, the hspetor had sated hat through his experience e felt confidentthat he could find
cracksas small as 0.040 incihis is consistent with the test results.
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0.20 -
0.10 - ‘ | | | | |
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Insp 2, FCR=0.034 O Insp 2, FCR=0.034 95% Conf.
—a—|nsp 2, FCR=0.006 A Insp 2, FCR=0.006 95% Conf.

probability of detection

FIGURE 29. LFECA ESTTMATED PoD CURVES—INSPECTONS BY RVET FOR
INSPECTQ@R 2
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From thecomparisons of theurves in figure 28 we seetha the suspieon of aless tha optimd
setupin the orignal inspetion was justified. The seond inspection ya different inspector as
substatially beter. This illustraes the point tha reliability is vey mud a function of the
complete inspection pross, of which thequipment is oyl the stating point.

3.7 NASA SH F-NULLING ROTATING PR@BE.

A NASA Langley Regard Centergroup of deelopers visited AANC twie durirg development
work of a new eddy-current probe The probe has be@ reported in the literature as the self-

nulling electromagneic flaw detedor [12]. It is somémes rderred to & the Simpson proben

defeence to its inventor.Taken fom refrence 12, a shortdesciption of the working principle
follows.

“The Sdf-Nulling Eledromagqetic Flaw Detector induces a high density eddy-

current ring in the sample under test. A ferromanetic flux focusing lens is
incorporatedsuch that in the absece of any inhomogeneities in the matatiunder
test ony a minimd mageic field will reach the interior of the probe A

magnetometer (pikup coil) locaed in the centeof the pobe theefore registers a
null voltage in the absence d material defects. When a faigue crack or oher
disoontinuity is present in thetest aticle the pah of theeddy-currents in thematerid

is changed.The megneic field assocated with theseeddy currents then ener into the
interior of the probk, producig alarge output voltge across the gkup coil leads.”

Details of the probe esign can kb found in published literater[12,13] Here wereview tre
major aspects of éhdesign.The instrument haa 1/8-inch-diareter pickup oil, andthe outside
diameter of theentire prole is approknately 0.25 inch. Tle operatig frequency of the probe
was 125 kHz The motor drivinghe probewas a 18&pm AC gynchronous motor.

There vere notieable improements in the instrument betweere thirst and seondinspections.
The ngjor hardvare changes wee:

a. A switch to a gnchronous motor providigha moe stable rotationrequery.
b. A charge in therotation freqencgy from 80 to 180 revolutions per minute.
C. A reduction in the waht of the probe kad fom 3 to just under 2 pounds.

The software was aso modified; the main charge was lie addtion of a dsplay of a cenering
vector and the modification of the filter used to isolae the fatigue cradk signd from this
centering vedor. During the inspections of thefirst visit, the inspetors male subjetive
decisions lookingat the displged signal as to whethethe probewasproperly centered. On the
second visit, data wenot acquied until the probe &s adeqately centered.

3.7.1 NASA Self-Nulling Proke Inspection Bckground

A total of 18 of the AANC pnels with surfae gadks wee used. The panelswere mountedon
framesto simulatealap splice. All were mounted on the uppeow and tlerdore all inspections
were dore with the inspectoroperatirg the probe from a standig position with the probe at or
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slightly lower thaneye level. The panelswere ina random patta. Nine of the panels wre
painted and nine haddtpaint stripped from the lapea.

While one inspector opekat the probe,a seond opestor sat at acomputerconsoé and
captured the ghal data ancenteed the level of thecall in a dta book. (The nature of the
signals will be discussed later.Both had access to thomputerpresentationas the probe
operator used heds-up disphkas hemanipulated the prabh The experimenterswitchedtasks
between thansdves during theinspetion.

Figures 30—32showthe basic signals availal®# to the opetors from a nominajl small cack.
Figure 30 showshteraw spnal in polar coordnaies. In the absnce d a qad it is expecedthat
this signal would be close to i@ular. (Note: Figure 30 was repoducedfrom recorded databut
the orpinal aspectratio is not necess@ly maintained) Figure 31 shows grocessd signal
wheredeviations from cicular are showras a fuition of argular position. (The zZro angle is
straght up with respect to the rotaing prolke head and positiveangles are in the clockwise
direction.) Figure 32 shows the sa@tataas that of the paessedignal in figure 31 butin polar
coordinates.Thedirectionof the crak (left side) is radily appaent from figure 32. The smalle
lobes in quadrants 1 and redhe rgative portions of the ghal from the cack on tke left.

In addition to thesignds shown, thenspedor would dso hae the maximum heght from the
signal offigure 31 displagd. For example, a 9.7 would be dispiad for the sgnal of figure 31.
The ultimate decision concening the presence of a flaw would ke baseal on this mamum
voltage display.

0.2 9 y(volts)

0.1 -

X (volts)

-0.3

-0.2 4

FIGURE 30. NASA SELF-NULLING ROTATING PROB= RAW SIGNAL
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FIGURE 31. NASA SELF-NULLING ROTATING PROB= PROCESSED ISNAL

y (millivolts)

x (millivolts)

-10 -8 -6 -4 -2 0 2 4 6 8

FIGURE 32. NASA SELF-NULLING ROTATING PROB= PROCESSED ISNAL IN
POLAR COORDINATES

The signals are updted continuougl until one of theoperatorssignals the programto captue
the daa, & which time a srapshot of onerevolution is reorded. Thus, whilethe operator is
getting the prole aligned over the rivet there is continuous movement widsecurves. The
alignment of the pbe ower the rivetand the deision as towhen proper alignmenthad been
achieved bs a diect efect on the owdome. The method bmakirg that decisionwas a major
factor in the changes tha the NASA researchers institutel bdween thetwo visits. In thefirst
visit the operator wagssentialf making the decision corernirg proger algnmentfrom the
signal of figure 30. That is, hewould manipulate the prebuntil he had as clesto a cicular
signal as le could obtain. The determination of ciralarity was subgctive. By the seconavisit,
the NASA investgabrshadadded an anaysis of theraw signal for circularity. The resul of the
analsis was a \ecor from the cengr of thefigure with a crosshai at the endof the vecor. The
magnitude of tle vecto reflected howfar off center and the diretion that theprobewas off.
Therefae the inspector now had a better defined criteria (i.e., enter a nealy cenger the
crosshai) for as®ssng the adequacy of the pobe aignmentoverthe rivet head.
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3.7.2 NASA Self-Nulling Proke DataAnalysis.

The anajsis and esults presentedere are for data gathered durirg the secondvisit. The data
areanalyzed by consdering the rebtionshp of the naximum deviation anplitude (for exanple,

the 9.7 from fgure 3) with the known tack lengthsin an & versus a maysis. A summay

table of results isigen in table 12 and showgraphi@lly in figure 33. The responserange in

table 12 is gven in units of millivolts, wheeas the grgph of figure 33 is the logarithm of the

response wsus the logarithm of theack siz. Included intable12 is the range of theresponse
for each goup of rivetsexamined. The crack lergths are in tems of the lagest crack at each

rivet site (Notetha the signds from thesalf-nulling probewould indicde the presence of two

cracks but onf an owerall maxmum from the processedysal would begiven.)

TABLE 12. NASA SH.F-NULLING ROTATING PROEE—SUMMARY OF RESPONSES

Flaw Length | Numbe in | Range d Response

Range (inch) Data &t (millivolts)
> (0.100 44 17 to 97
0.090 to 0.100 6 30 to 65
0.080 to 0.090 11 21 to 60
0.070 to 0.080 2 22 to 50
0.060 to 0.070 3 13 to 50
0.050 to 0.060 13 11 to 46
0.040 to 0.050 10 9.4 to 27
0.030 to 0.040 12 1.3 to 20
<0.03 8 1.0 to 9.2
no flaws 271 04 to 3.7

Fromtable 12 it is seen that thedast signal from a noflawed rivet was 3.7or 1.314n(3.7), in
thelog responsescaleof figure 33). This implies that settinthresholds for making aall in the
3 to 4 millivolt range shouldcontrol falsecall rates. It is appaent from the gereral pattern of
figure 33 that a liner relationship does not hold up over the completege d crack sizs.
However, the lager crack dta of figure 33 show responseselvabove 3 to 4 millivolts.
Therefae, althoudh the nean esponse-tack length relationship couldbe modeled by some
nonlinear function, the ugp portion of that mean cugvwould havevery little effect on the
estimation of the increasirportion of the Poxurve. Becaus of this, ony thefirst part ofthe
datais used(crackslessthan0.09inch) and we estrict attention to linear modelsThe liner fit
is shownin figure 33, whee the line is given ony for therange ugd in its estimation.The
equation of the best fit line ia(r) =9.000 + 2.109M(a), where r is the esponse in millivoltsand

a is aack length in inches. Theresidud standad error estimate is 5= 0.522. The probabiliy of
detectioncurvesresultingfrom thesefits are shown irffigure 34. There was not a ginificant
surfae effect (paint or bae).
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FIGURE 33. NASA SELF-NULLING PROB= RESPONSE VERSUS CRACK
LENGTH—SMALL PANELS
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FIGURE 34. ESTIMATED PROBABILITY OF DETECTION CURVES—
NASA ROTATING PROBE

During the inspection the opeaators noted tha if they were making calls independent of
perceived crack lergth, that thg would u® a threshold of 3 to 4 millivolts (that is, 1.099 to 1.386
in thelog sale). Using a threshold of 3 with theregression etimates gives theprobability of
detection of arack of length a , PoDé&)= Probaility{In( r) >1.099}. Sinceln(r) is modéed &
a normal randomariable with m@&n 9.000 + 2.109Ah(a) and standa deviation,d = 0.522, the
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00 +2.109*In(a))
0.522

cumulativedistribution function. This curve is graphed ifigure 34, as is the similariderived
curve usirg 4 millivolts as thedecision point.

PoD is expressed ai—d)éu'ogg_(g'o @ where @ is the standard norah

From table 12 it is apparat that no sigals from the rivet sites without flanexceeded 3.7
millivolts. Only one response amanthe unfewedrivets exeeded 3.Thus, empiricaly, with a

threshold of 3 the falseall rate would beabout 1 in 271 Applying similaranalysis as above we

note that the unflawedsignals had a mean responsef 0.213 and staradd eror of .358 (these
values are in the log scale). Therefore the probability of afalse aarm with thethreshold of 3
would beestimated by the probability tha a redlization from anorma distribution with men

0.213and standarddeviation of .358 would exceed 1.099.This valwe is 0.007. Similarly, the

false call rate fousingthe threshold of 4 is estimated to be éothan 0.001.

The NASA investigators took as much time as theypted to do theaboveinspections. In
genera, they inspected at arate of beéween 1 to 3 rivés per minute with mostof the inspection
being a the slowe rate. They switched prole opeators s@era times during thenspetions. It
was not unoommonfor thecomputer opetor (whowas operéing the daa capture to initiate the
data captwr as the ppbe opeator moved th probe, makig it necessay to reinspet. Had the
probe opestor madecalls without capturig the dita, the inspection time is likeko hawe been
decresed substantiall

After the experience gaied,the NASA team hasreported making changes in the data capture ©
sped the inspection as well as to enhance repedability. Speificaly, they have added a
centering circle to theraw daa display giving the operator an absolute criterion of when the
probeis digned. Tha is, theoperador has to gé the centering cross lair inside the displayed
circle to ensue alignment They also chaged te flow of the program so that the dat
processig is only performed when th probe is alignedThis has icreased the upalte raé of the
system to nar red-time. An option to h# data aqquisition and holdthe data display once the
probeis aligned was alscadded. With this latter chage, the orator doesh hawe to hold the
probeceneredover therivet for an exended period He only has to have it entered for a sindge
revolution and the data will be held on thedisplay A click of the button on therobeheal will

restart the datacquisition while holdinghe button in for-0.5 seconds fites the data to disk.

3.8 MCDONNELL DOUGLAS AEROSPACE/GK ENGNEERING SURFACE SCANNNG
PRGBE.

3.8.1 GK Engineerimg Prolke Baclground

An experimenter from McDonnell Douglas Aerospae, visited AANC to test the GK
Engneering surfacescannirg proke with the Elotest B1 minirotodft,15] The tests consisted of
inspection®f all 43 small panels, 2 lge panels, ancan aea of tle B737. Eighteen of the small
panels had adpe inspetion surface. The remainig parels wele painted.

Table 13gives the settings used in the inspectidrhe inspetion requied the @ntering of a
probe giideove eahrivet. The probe was then insedd in the gide and a \aveform obtained.
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A flat wavdorm would result from an unflaved rivet when the prob was poperly centered. A
flaw would show up as peak in thavavedorm. Seved fatigue cracks of known length were
usedto calibratethe instrument. Cracks in theange of 0.040 to 0.050 inchrgduced snals
from 1 to 2 divisions duringthe calibetion. In recording the results of the inspection, the
inspectomot only mack a call, but also called out the Igbk of the peak in tems of the narest
half division on the instument face. The inspecbr used a sjnal threshodl for making cals of
approxmately 3/4 of a division.

TABLE 13. GK PROBE/ELOTESTB1 INSTRUMENT SETTNGS

Frequency 150 kHz
Bandwdth HF
Pre-amp 24 dB
Horizontal gain 47 dB
Vertical gain 67 dB
Rotdion 348
Low pass filter 800
high pass filter 400

The first sample setas the bae parels mounted on the fraes inthe hargar. This required the
inspectorto inspectin a standig position with the probe at aboweelevel and the instrument
screen m@ced ora table atwaist level and of to his sde.

During the cours of the baie-panelinspectons, he AANC monitor noiced hat the nspecor
would sometimes have a flegsponse wén he initially insertedthe probe in the guide. But, as
he held the probe in pia and turned to view the monitog sighal would result that was
interpretedas indicatingflaws on both sides of the ev After finishing the panels on the
frames, thepainted pands were given to theinspestor ore a atime. He inspected these on the
bench top. The inspection time was much quicker with thgsmms than withthe previous
panels and theadier obseved doubé clack false indication did not occurea as often.

Thefull sa of smdl pands was wmplded on thefirst day. Theresults wee reviewed overnght
and it was veified that morefalse calls had been male on thebarepanels in the frames than had
beenmadeon the benchtop inspetions. The nex day, the lare panels were reinspectd, as wl
asa few of the painted anels. All the second inspections we peaformed on tle bench top.
During these inspections, the inspectook additional time to characterize thignalswhenthe
probewas aligned off-cente, up and down, and side-to-side.The sgnals obtainedrbm the
probebeing off-centerin a dowrward direction wee most like the gjnals obtained wén cacks
existed from both sides of the riveT his helped eplain thepreviousdays false calls of double
crackswhen he nspetions were doa on he frames.

The signal data fo the GK Emjineering prole ae grapled in figure 35.
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FIGURE 35. GK ENGINEERING PRBE—SGNAL DATA

3.8.2 GK Probe Analsis.

Figure 36 showsprobability of detection fits to thehit/miss d#éa. Thefirst curve is for thedata
obtained on the first ga There were 25 rivets atvhich falsecalls were madeandseveal larger
flaws mssed. (The lrgestcrack mssed vas atarivet where anoher crack was preent Both
crackswere ~0.25 inche$. The second cue substitutes the datarfthe set ofpanelsdonea
secondtime for that of thefirst. Not only did the detections inease, but the nurebof false
cals deceasedd 8rivets.
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FIGURE 36. GK ENGINEERING PRBE—ESTMATED PoD CURVES

41



During the inspection, theravere numerous small gnhals that the inspectoaid he would not
call, but he thougt thee might be a small mck present. The third cune is for whencalls are
made under theelaxed critaia. With the increasd detetion there vas anincreasein the false
calls from 0.011 to 0.024.

There vas nota sgnificanteffect due b inspecing on a @inted surface \ersus a bre suface.

With the séup usel, themiddle curve of figure 36 gves theestimated PoD when the false call
rate is gpproxmately 1 percat and when there were no problans with mantaining the centering
of the probe. The upperor leftmost curve shows the estimated PoD farfase call ete of
approxmately 2 percent The bwer or right curve gives an ndicaion of he effect that field
conditionsmight have if an inspetor hal problems in mantaining the centering of the probe
Thefalsecall rate would dso incgeasein this ldter case

4. SUMMARY AND D ISCUSSION.

We summarizehereliability resultsof the eight instruments in table 14The 50and 90 percent
probaility of detection aack lengths arefor the cases where the false call rate is closeto 1
percent

TABLE 14. SUMMARY PoD VALUES

Techmique / .

Instrument asg ago Comments On Equpment and ProceduesUsed

Nortec 0.034 | 0.047 | Thes deecion levelsrequre snaller sandards(~0.0®)
Eddyscan

KB CracKinder | 0.119 | 0.160 PoD egimated using straight edge to guide probe a<e o rivet on bare
surface ad requring probe to tragl perpedicular to crack Detectionrates
not asgoodwhen usng template procedue.

Hocking 0.047 0.062 Small gainsin PoDindicakd for setting scale for display to smaller sandard,

Fasts@n but not erough data toindicate mpact on false call ates. Time consuming
inspections due toinahility to quickly certer probe.

Nortec 19e - 0.043 0.057 Off-angle cracks(22 degee$ shift PoDcurve aboti0.015 inch. Inspecion

sliding probe over pant also shifts the PoDby abou 0.008 nch.

20 kHz

Nortec 19e - 0.037 0.050 Off-angle cracks(22 degees shift PoDcurve abot10.011 nch. Inspecion

sliding probe over pant also shifts the PoDby abou 0.008 nch.

30 kHz

Zetec M1Z-22 - | 0.065 0.083 Panted aurfaces shift the PoDcurves by abou 0.018 nch
pertil probe

Northrop 0.028 0.040 Indicaions that detecion rates decined for smaller cracks (0.04 b 0.06)
LFECA when in the pregrnce oflarger cracl at the same rivet.

NASA Sef- 0.024 | 0.032 Lated implementation erablesoperator to acaately certer probe

nulling rotating

probe

GK Engineering | 0.033 0.058 Care hes 0 be Bken in centering the probe. Typical off-center indication is
probe like that of having two cracls.

In any summay of this naure it is tempting to m&e judgments ranking the various instrumats
or procedues. We reiteate that the Polanalsis is not only for the equipmentbut also the
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procedues and the wg the inspection was implemented.Thus, it is possible that the same
equipment that was used in theperments repaed hee could e usedin a different manner
with different results. Tha this is the case is dealy indicated with the multiple inspetion
resultsof Northrop’s LFECA and the KB Crackrinder and the proedual chames with the
Hocking FastSca. In all these cases procedures or sstups wee dtered from initid inspections
with changes in theprobability of detection resulting.

It is dea tha probability of detection dgoends on thesignal level used to m&e a cdl as well as
theinspector’'s useof equipment. The false cdl rate will also dgend on thesignd level usel to
make a cal. Therdore any compaisons of inspection methods should incogter both
probability of detection as &l as falsecall rae. We do this intable 14 by picking 0.0lasa
nomind false call rate for which the probability of detection values are given. This value is
subject to uncertaigitand this adds to the uertainly of the \aluesgiven in table 14.

Theeffect of inspetion through pant was indicted as sgnificant in several of the experiments.
In gened, the lessenig of a sigal due to lift off indued by the paintis not the issue. The
presene of paint malks an impact on PoD thrgh theadded vaation on probealignment with
respect to the rats. Rivet boundaries armore obsureand for pocediresthatrely on visual
alignment the esult is more variation. The three sgtems thatpeformed best (NASA sef-
nulling, LFECA, and NortecEddyscan) had signd displays tha aided the inspetor in centering
the probe.

Hagemaier and krk [14, 15] have studied the detection capabilities of folirthee systems
included in this stug They are the Hocking FastScanNortec-30 Eddyscan, Northrop LFECA,
and GK Emineering/Elotest Based on anajzing sgnals obtined usng each ¢ theinstruments
they concludedhatthe instrumentsare capableof detecting suface aacks 1.0 mm (0.040 ingh
in lengh underflush-head aluminum rivets. Our results indicate #t althoutyp camble of
detecting this size crack, the prolebility assaiated with routindy deteding them (at false call
rates < 0.0lare approxnately 0.23(FastScan), 0.74 (Egidcan), 0.8§LFECA), and 0.67 GK).

In the cass we looked atusing the nmaximum crack legth as an eplanatoy variable is
preferable to usirg the sum ofthe crack lengths when two cracks ae present In the sum of
cracksmodelthe nunber of cracks pesentwas asignificantfactor andthe PoD curvesshifted in
the drecion meking two cracks kss de¢ciable than one tack when atthe sane level for the
crack bngth sum. On the other handthen usiig the maxmum crack legth asan explanatoy
variable the numberof craks was often not sgnificant. If estimated however, thePoD for two
cracks versus onecradk would inaease (for constant maxiimum length) which is moreintuitive.
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APPENDIX A—USING INVERSE REGRESION FITS TO ESTABLISH PoD FUNCTIONS

The purpose of this appdix is to provide proof that the three st@palsis introduced in sgtion
3.4.2.3 produces therse estimate ofpbability of detection as des thea versusa anaysis.

To facilitate thedisaission léy bean NDI sgnd variable and le x bea flaw characteristic. The
mode consideed isy = 3o + B1lX + €, where ehasnormaldistribution with mean 0 andakiance
&. A detecion is sail to occur f the sgnal, y, exceeds somthreshotl, T. The esimate of he
probaility of detection curve, using a threshold of T, isgiven by the cumuldive norma

distribution function with meamp = T—BO and standard deviatioo = d/3,. The probaility of

1

detection fundion is estimated by substitutingeach of they, 1, and d with thar estimates from
the regresson.

It is convenient to expressthe estimates in terms of baic staistics of thex and y data. To this
end we wite S, =@/n)F(x-X)Ay,-Y), S =@@/n)F(x-X)*, and
S; =(1/n) ¥ (y, -Y)* where X and Y are he neans of he xandy data We also wrie

r =

~ S
S XEyS/ . It is well knownthat the naximum likelihood estimates argiven by B, :gyﬁf,

B, =Y ,X, and &% = (1-r?) [8,”. By substitution,it follows that the parameters ¢he
PoD eudion ae estimated by
g S, . (1-r?)*?
H=X+(T-Y)E—=2- ando =——I[5,. (1)
ris, r
(Note tha the estimate for & is the naximum likelihood estimate and not thbiasedestimate
thatis derved fromthe expeced nmean squiees n ananalsis of variance &ble.)

Now conside fitting the equation x = yp + y1[y. By rewersing the roles ® x andy we get
\71:%51 and y,=X-V,[¥Y. The pedicted y' (=y,+Vy,¥) valee is dven ky

y
2

_ _ o 2 S
y'=X S0 qQy-Y). It follows tha Y =X, S =S e 82 =—2, and

y 2 y 2

S, S S;

2

Sx Xy ; 1 SXV'
Sy == 5, =— . Wealso considerf'=———=r.
S, S S, [0S

y X
Let y' be the pedicted xvalue after fittingthe @rameters in theabowe inverse regression.Now
consder heequation y'= B, +3 ; x, with residual eor &. The estimaes for this guaion are
: A Sy' 2 A Y _ 2w 2\ 7
given by B;:S—H':r , Bo=X-r*IX=(21-r7)X, and

X

5% = (1-r?)08,” =(1-r*)@*[8;. Combining these quantities with a threshold ony" of
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Yoty, O =X +§X [ [{T - Y) and estimating p ando for the RD cuve usig 3,, B,, and ',
y

we obtan the sane estimates as given in (1). Thereforg for the purposes of deriving a PoD

curve, egressng the pedicted flaw characeristic from an nverse regresson fit onto the flaw

charaderistic in an @ versusa aralysis is equivalent to a sgte stepa versus a angfsis.

NOTE: The abog agument addresss the PoD functiorthat results from regressionin a a
versusa anaysis. The PoD fuwtion is determined Y various functions ofthe undelying
parametern theregression.It shouldbeclear that thes individual paramet estimates are not
equivalent in the two angdes.

Before leaving this pesentation of aralternaé anaysis using inverse regression,we briefly
commaent on theestimation of thesa@e parameter, & The & versus a angbis as peviously
presented 4,3] develop the probabiiit of detection curveestimationand the estimation of
confidence bounds usingaxmum likelihood estimatesThe maxmum likelihood estimateof
5% is the sum of sques due to eor divided ty the numbe of dai points used irthe anaysis.
Thatis, theestimate does not account for the number of parameters fit in the regression equation.
To obtain an unbiased estimate &f the sum of squares due toa@rwould be divided ¥ the

assocated degres of freedom. The differencein theestimate of d would be afactar of ’n—np ,
where n is the number of d&a points ad p is thenumbe of estimated paameers. The usua a

versusa anaysis includes two pametes, so that p = 2, and ehdifference in an unbiagd
estimateandthe maxmum likelihood estimates not much. In case 6 btable 14, wire 68 dta
points wee usal and 17 paameters were fit, the estimate of o (and therefore o) would be 15
percenthigherif unbiasedestimates rather than memum likelihood estimates were useflince
the proposed inveesregression model does not limit the number ofrpatersused in fitting

data and theestimated PoD funtion is degoendent scae paraneter, d, we beliew it is prudent to
use an unbiasesktimate of o.
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