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ABSTRACT. Structure reliability guaranty requires prior kxaion of non destructive testing
methods. The concept of Probability of Detectio®P is generally used to quantitatively assess
performances and reliability of testing operatioBgch probabilistic approaches take into accoumt th
uncertainties that appear during inspections aatl dhe responsible for the output variability. POD
curve determination is based on costly and timesamning experimental campaigns. Increasing
demand of NDT configurations requiring POD evalomatimakes cost reduction of POD campaigns a
major issue. A new trend is to apply simulatiortie context of probabilistic approaches in order to
replace some of the experimental data require@terchine the POD with simulation results.

This paper presents results of simulation based RODes of a high frequency eddy current
inspection procedure obtained with the new POD rwdi CIVA. The methodology used for
describing uncertainties on the input simulatiomrapeeters is described and comparisons with
experimental results are presented and discussed.
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INTRODUCTION

Inspection reliability is one of the key issuesirsuring safety of critical structural
components. Among the various methods dedicateti& performance evaluation,
probabilistic approaches have been increasinglyl.u$bey are based on probabilistic
criteria such as the Probability Of Detection (PQijich relates the detectability of a
flaw to its size. NDE performance evaluation ugirgbability of Detection (POD) curves
is a meaningful approach and is the rule in aerocaul he properties of the POD curves
are related to the uncertainty sources that impegtection results. In this approach, it is
considered that the NDT operation is a repeatatlegss submitted to uncertainties. As a
consequence a flaw of a given size is associatesl poobability of being detected by
application of the specified NDT. The determinatadrsuch curves is currently empirical.
It is thus the result of very costly and time cangwy experimental campaigns which are
performed in order to match the requirements fonsiency of the statistical POD
analysis.

The current trend is to replace some of the exparial data with simulation
results. The concept of Model Assisted POD has lmteoduced first in the US in 2004

! MIL-HDBK-1823 recommendations [3]: at least 60viled sites for binary (Hit/Miss) data and at lea3t 4
flawed sites for quantitative data (Signal Resppnse



through the constitution of the MAPOD working gro{ld. A French national funded

project called SISTAE started in 2006 [2] on thisbject and is now followed by a

European funded project called PICASSO. The fuldslcassisted POD, which we also
name simulation-based POD, is a MAPOD approach lwbges simulated NDT data as
input for evaluation of POD. [5] shows an examgiéud-model assisted POD on an eddy
currents inspection for fatigue cracks in aluminiaprjoints. The terminology simulation-

supported POD introduces the possibility of usingoanbination of experimental and
simulated data for estimating POD.

This paper deals with POD evaluation using simoiei It presents a practical
implementation of the approach to a High FrequeRdgly currents Testing (HFET) for
fatigue cracks detection in Titanium alloys. Conmgam with experimental data and POD
results are presented, showing good agreement iafding good hope for the future of
this approach.

DESCRIPTION OF THE HFET APPLICATION CASE

As a first trial of running a simulation-based P@&mpaign we have chosen an NDT
configuration meeting the two following criteria:

» Simulation of the NDT configuration is possible hvéxisting tools.

» Experimental data are available for calibration BoxdOD comparisons.

Selected case description

The main features of the selected application aas¢he following:

* NDT technique: High Frequency Eddy currents TestiigET).

* Probe: absolute pencil probe at 2 MHz.

* Material/geometry: Titanium alloys TA6V / Flat sacks.

» Defect: fatigue cracks.

The operating procedure is depicted in Figure lis lan in-service procedure, the
inspections are made manually.

Diagnosis/Thresholds

Lift-off signal phase is set to the X axis. Diagisas made on the amplitude of the
signal response on the Y channel. Calibration idem@ a 1 mm depth x 0.1 mm opening
EDM notch of “infinite” length machined in the sammaterial. Gains are set such that the
Y signal amplitude on this EDM notch is 100% Full&n Height (FSH).
The detection threshold is set to 20% FSH considezlectronic and structure noises.
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FIGURE 1. HFET scanning procedure.



DESCRIPTION OF THE METHODOLOGY
Selection and description of variability sources

When performing an inspection, the probe signgdaase due to a flaw is affected
by factors related to the NDI system (transduceanlan, electronic device), to the part
(geometry, material properties, surface roughness) to the flaw itself (size, shape,
orientation, position). Some of these factors @uis may be seen as uncertain if there is
insufficient knowledge related to them, if they acg well controlled during the inspection
or if they imply physical phenomena with inheresrtdomness.

The first step consists in identifying the parametehich are susceptible of being
sources of variability in the NDT results. Oncentifsed, a statistical description of each
uncertain input parameter must be done in orddeed the NDT computation code. In
order to manage this step, a questionnaire has fre@osed to a panel of “experts” who
are used to practice the particular NDT. For ouEMFpplication case, four parameters
have been identified as strongly influent on tlgmal amplitude response:

» Start scan position in the incremental direction
» Scanning increment (manual operation)

» Crack height (fatigue cracks)

* Angle of the probe (pencil-probe)

An additional flaw related parameter has been damed in a second step: the
occurrence of electrical contacts which are rangguokitioned on the crack surface.

Other parameters were first identified (e.g. cotigiitg, lift-off) but a deeper
analysis showed that their potential variations eveery well compensated by the
application of the procedure (balance and liftjplifase settings) and were of negligible
influence on the signal amplitude response.

Expert's interviews lead to statistical descriptiofi each influent uncertain
parameter. The distributions used as inputs for dineulation study are described in
Table 1.

It should be noted that start scan position andriog increment uncertainties are
taken into account thru the start position in theremental scan direction. Since nominal
scan increment is 1 mm, a uniform distribution kegw two scan path [-0.5mm;0.5mm]
has been considered to model the probe positioertaicty.

TABLE 1. Description of uncertainties on a selection of inparameters.

Start scan position Crack height (mm) Angle of therobe (°)

. . _ Gaussian with dependency to
(s%glé()i:]rzrg]rrgfﬁ?-’gﬂm) the crack length (fatigue crack) Gaussian(0°;1°)
a 0.5*length #Y(0,1)*0.1*length
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FIGURE 2. lllustration of the three possible electrical lgeéddescriptions in the software. The filling ratehie
only input parameter that is user defined.

Investigated cracks are fatigue cracks known toflbeemi-elliptic profile with, in
average, a height of half the length of the cra&cksaussian distribution centered on this
value with a standard deviation of 20% the avetsgght has been considered. The probe
angle tilt has been affected a Gaussian distributentered on the nominal angle with a
standard deviation of 1°. The 1° standard deviat@y be seen as a very small value but
it appeared that applying the setting proceduramnall tilt angle on the probe yielded an
obvious displacement of the spot on the X axishef impedance plane, which is easily
identified and corrected by the operator.

To account for the “non-ideal” nature of fatiguaaks we have considered that a
certain amount of electrical contacts exist alohg track surface. Three different
possibilities are proposed in the software CIVAl&scribe electrical contacts on the crack
surface. These possibilities are described in igar€ 2. Here, we described the contacts
in a random way (see Figure 2 on the left). THan§lrate has been taken as increasing in
average and variance with the crack length (rekufpsrack phenomenon).

Uncertainty propagation step and determination of he POD curve

Once the statistical distributions for uncertaipuhparameters are determined, the
NDT simulation tool must be fed with this new typginput data. This is done using
dedicated tools that have been implemented in CidfAOD analyses. The characteristic
defect feature (e.g. crack length) against whiehRB®D curve will be plotted must also be
selected and described. The GUI panels are shotheiRigure 3.

Simulated data are then computed following a sinldmte Carlo approach and
the value of interest for each result is extragtedccordance to specific settings (i.e. the
guantity to be considered plus, for instance, pisagé and gains to apply automatically to
all data). Monte Carlo is a sampling method thatscsts in randomly generating values
for the uncertain entry parameters according tostagstical distributions selected by the
user. Then, the model is computed for each n-tupleslues of the uncertain inputs (in
the case where n unknown inputs have been selbgteéde user). Practically, for each
flaw size a set of values for the entry paramatefixed.

In a final step, the POD curve is computed basedthen Berens maximum
likelihood estimation technique [6] implemented amdidated by EADS IW for Hit/Miss
and censored Signal Response data (see Figure 4).
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FIGURE 3. Panels for parameter variations in a POD analigifi: Characteristic defect sizeght: Uncertain
parameter.
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FIGURE 4. CIVA result panel for Signal Response analysis @mesponding POD.

The general scheme of the approach is proposedyures. The underlined blue
parameter is the characteristic parameter of thB BDdy (the quantity to plot the POD
against); typically the crack length. Red paransetare parameters which have been
identified as potential sources of uncertaintiepnsidering the NDT procedure,
operational conditions, the type of investigatetédi the material...

SIMULATION-BASED POD RESULTS & COMPARISON WITH EXPE RIMENTAL
POD

The methodology presented above has been applige: tdFET application case.
Signal results as well as POD results are comparetthis paragraph to the available
experimental data.
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FIGURE 5. General scheme for uncertainties propagation thr@@iyyA for simulation-based POD evaluation
(example on ET).
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Signal response data analysis

Figure 6 presents signal response results of theergwental campaign, the
simulation with uncertainties campaign and the mei@stic simulation study. Two
simulated datasets have been tried. The differeet@een the two is the presence or not
of electrical bridges on the crack. It is first icetible that good agreement between
experimental and simulated signal amplitude datdbgerved in the [0mm; 4mm] range. In
particular detection and saturation thresholds @assed through at very close crack
lengths in experimental and simulated datasetsjepscted in Figure 6. The only data
feature that is not represented on the simulatéa \@hen no electrical bridges are taken
into account is the relatively high scatter of dabove 4 mm. One hypothesis for this
experimental scatter may be due to the complexkcsh@apes with possible electrical
contacts between the two sides of the crack amgrthen lowering the signal amplitude
response of the HFET. When electrical contactsaken into account (plot on the right in
the figure 6), the high scatter of data above 4 isbretter reproduced. In the crack length
range of highly increasing detection (between 1nmd 8mm), signal amplitude and
scattering agreement are both very good.

Experimental signal response data do not allowpfaper signal response POD
computation since experimental data in the « ntiiseshold to detection threshold » have
not been reported. Consequently, data have beererted into Hit/Miss (binary) data for
POD estimation and comparison. The estimated P@esiare shown in Figure 7.
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FIGURE 6. Signal Response analysis: comparison simulatioxperamental.
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FIGURE 7. Comparison of experimental and simulation-based P@PSimulated dataset with 600 points and no
electrical bridges on the cracks, (b) Simulatecsktt with electrical bridges.

POD curves analysis

Plots in Figure 7 show that the steep slope ardheExperimental POD curve is
located in the 1 to 1.6 mm range. The steep slopa af the simulated POD curve is
located in the 0.6 to 1.6 mm when no electricaltacts are included in the study and in
the 0.8 to 1.7 mm range when electrical contassrariuded in the simulation campaign.
The simulated crack length range of strong PODatian is thus very close to the
experimental one in the latter case. This is onth@fmain features we wanted to validate
in this study.

It is worth pointing out that the “shape” of thensilated POD curve is strongly
dependent on the amount of uncertainty introdundtieé simulations. A very low level of
uncertainty would yield a step-like POD curve whitereasing this level of uncertainty
tends to decrease the slope of the rising patteoPOD curve.

The confidence bound is closer to the estimated R@Dthe simulation case
because a larger dataset was used than in theireepéal case. The total number of
simulated inspections used for the POD analyse®0@s (100 crack length, 6 data per
length), while it is 345 for the experimental stu@®® cracks, 5 data per site). For such
dataset sizes the sampling errors are still notigibp and the smaller the dataset, the
poorer the confidence. Hence, estimation with aerfce is still meaningful for the
present simulation-based POD estimation.

For the first simulated dataset (see figure 6(ag) simulated POD curve differs
somehow from the experimental POD curve. The sigpemoother, but the values of
interest are nevertheless very close to the exgatiahones:

{ & = 1.5mm {aj'o”“"“o = 14mm
o . =18mm’ agren®® = 1.6mm

For the second simulated dataset (see figure @ig))slope is corrected and is
closer to the experimental POD curve slope thawipusly. The values of interest are very
similar to the experimental ones:

{ & = 1.5mm {ago”“’EC = 1.5mm
&b o =1.8mm agmEC = 1.7mm
What is finally important for aeronautics use iotiserve that values at 90% POD,

reflecting the defect size which is almost alwaystedted, is well predicted using
simulation data. This result validates the simaolafbased POD approach for this



particular NDT configuration and strengthens thafictence into the previously obtained
experimental POD.

CONCLUSION

Simulation-based POD curves have been determindéd@mpared to experimental
POD curves for an application case consisting ghHtrequency Eddy Currents Testing
of fatigue cracks in flat Titanium parts. The siafidn results have been obtained using
the POD module proposed in the latest releaseefCiVA software (CIVA 10) and the
methodology of uncertainty management implemenieBADS and CEA in the SISTAE
project. Simulation-based POD results are in verydgagreement with experimental POD
for this simple configuration. It is shown that taking into account a limited number of
variability sources (start scan position, crackhhigrobe angle and electrical contacts on
cracks), a simulation-based POD curve with featwey similar to the experimental
curve is obtained. From this first successful afigrthe basic methodology and principle
is considered with confidence. Hence more challen§IDT configurations are now ready
to be considered for increasing confidence on fmgraach and move towards a well
accepted practice for NDT reliability demonstration
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