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ARTICLE INFO ABSTRACT

In recent years several methods for reducing the burden of experimentation for obtaining Probability of
Detection (PoD) curves have been proposed, especially involving the use of numerical simulation. In particular,
there is much interest in being able to estimate the PoD capabilities of a given NDE method, target embodiment
and material, provided this is known for some canonical material for the same combination of method/embo-
diment. Ultrasonic experiments on materials with low signal to noise ratio (SNR) are often difficult and time
consuming since the higher signal noise causes serious complications. Set in this context, this paper proposes an
approach for transferring PoD curves among materials with different SNR values. The classical transfer function
PoD approach is based on the hypothesis that the ratio of signals in related quadrants is equal, which requires
large datasets for multiple quadrants. The approach proposed here directly deals with SNR instead of the ratio of
signals, and thus requires only the experimental data of the parent application. The new approach is illustrated
through example cases involving the prediction of PoD curves for ultrasonic inspection of an aluminium plate
using the empirical PoD data for the same in austenitic stainless steel and mild steel. The approach is also
demonstrated in each of the possible combinations among these three materials.
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1. Introduction

The Probability of Detection (PoD) approach is today widely used
for the assessment of reliability of Nondestructive Evaluation (NDE)
techniques [1,2]. PoD curves are formally plotted as a function of
characteristic defect dimensions and the values are dependent on un-
certainties associated with the inspection technique as well as the de-
fect configuration [3,4]. The classical signal response analysis method
of PoD estimation [3] is based on the Maximum Likelihood Estimation
(MLE) of linear regression over signal responses collected for a range of
flaw sizes. As discussed in recent contributions [5], the mean of the
linear regression of signal responses is thought to be related to intrinsic
capabilities of the inspection system, while the variance arises from
application parameters and human factors. As part of this ‘modular
approach’, multi-parameter PoD models were proposed to adequately
account for both the intrinsic capability and application parameters
[6-9]. As human factors are among the significant sources of variance,
several methods were also proposed to account for them explicitly
[10-12]. More recently, a generalized PoD estimation procedure based
on Weibull statistics (instead of Gaussian statistics assumed in the
classical Berens [3] approach) was reported by the authors [13].
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Despite such advances, PoD curve generation typically requires
extensive experimental campaigns, which are expensive in terms of cost
and time. Thus in recent years, researchers are focusing on reducing the
cost of obtaining valid NDE reliability data. Over the last decade and
more, initiatives such as the Model-Assisted Probability of Detection
(MAPOD) in the USA [14] and PICASSO [15] project in Europe have
considered replacing at least some of the experimental data required for
PoD determination with results based on physics-based wave mechan-
ical models. The authors have also recently presented work on Bayesian
synthesis for simulation-assisted PoD curve generation [16].

PoD curves are dependent on factors specific to a given application:
thus they need to be obtained for every new case or configuration,
however similar they may be. Thus approaches for ‘transferring’ the
PoD among various practical cases have been studied, commonly
through the use of a transfer function [17-22]. In particular, a ‘quad-
rant XFM approach’ was demonstrated using various quadrants con-
taining empirical data of real and artificial specimens with real and
artificial flaws [18]. This ‘classical’ transfer function approach is based
on the hypothesis that the ratio of signals in related quadrants is equal.
The target PoD is estimated based on a linear regression model of PoD
parameters for the other quadrants. Recently a similar attempt was
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reported based on the hypothesis that the ratio of the signals in simu-
lations and experiments for a specific component is equal to the ratio of
signals in related components [21]. A practical implementation of that
approach to a high-frequency eddy current inspection for fatigue cracks
was presented and numerical simulations were carried out using a semi-
analytical software package [23]. A transfer function approach to pre-
dict the PoD curve for a high temperature application using low tem-
perature ultrasonic measurements with the help of validated physics-
based models has also been reported [22]. One of the key limitations of
such model-based approaches is that since they are dependent on nu-
merical results, the accuracy of underlying models is crucial.

In the work presented here, we develop a framework for transferring
PoD curves for NDE of samples with different underlying materials,
without employing simulations. In particular, we demonstrate the ap-
proach for ultrasonic NDE of specimen materials with low to high grain
scattering-induced Signal to Noise Ratio (SNR). Ultrasonic experiments
on materials with low SNR values are difficult in nature and more time
consuming since the higher signal noise makes detection of defects
challenging. SNR values for elastic waves in materials depend upon
many variables including wave velocities, average grain size and dis-
tribution. In general, materials with different scattering factors (see
[24] for example for discussion of scattering factors) will exhibit dif-
ferent levels of noise in ultrasonic signals. Hence our work focuses on
developing a transfer function approach based on the signal noise in
materials. We consider specimen samples made of two materials with a
large difference in scattering factors, namely, Aluminium (Al) and
Austenitic Stainless Steel (SS). Based on [24] for example, while Alu-
minium has a shear wave Rayleigh scattering factor of 86.5 dB/psec.
(Mc/sec*) em®, SS is expected much to have much larger values, close to
3900 dB/psec. (Mc/sec?) cm®. Additionally, a Mild Steel (MS) specimen
is also considered for demonstration, which is expected to have a
scattering factor close to 1500 dB/usec. (Mc/sec?) em®. Moreover, since
a manual angle beam pulse-echo inspection scenario is considered for
illustration, the above material choice also fulfills the requirement of
equivalent wave velocities in the parent and target materials, in order
to fix the procedural parameters [25] (wave mode, frequency, beam
angle, etc.). Experiments were carried out on specimens with identical
defect configurations. This work is confined to signal response @ vs. a
approach of PoD curve generation based on the classical Berens method
guidelines [3].

This paper is organized as follows. Experiments are first described,
including details of specimen samples and procedure adopted for in-
dependent trials. Our proposed signal noise based transfer function
approach is then presented. Results obtained using this approach (with
PoD transferred from empirical data for aluminium to SS and reverse)
and their validation with fully empirical data are then presented.
Discussion on the defect configurations in both parent and target ma-
terials is then presented, followed by a transfer PoD estimation for a MS
specimen. Finally, the scope and limitations of this approach are dis-
cussed, followed, by conclusions and directions for further work.

2. Experiments

The proposed transfer function approach is demonstrated through
the example case of PoD curve prediction for ultrasonic inspection of an
aluminium specimen plate using empirical data from an austenitic SS
plate of the same dimensions otherwise. Notches of 10 mm length (or
transverse extent) and 3 mm width (or axial extent) were machined on a
thick SS specimen in bottom-surface breaking configuration using the
Electrical Discharge Machining (EDM) process. The notches are of dif-
ferent depths (or heights, in the bottom-surface breaking configuration)
and their dimensions are given in Table 1. The photograph of the
specimen is shown in Fig. 1 (shown reversed for better visualization).

Experiments using the conventional angle-beam technique (45° S-
wave) were performed in the pulse-echo mode using a commercially
available integrated probe with center frequency at 2 MHz [26]. A 3
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Table 1

Dimensions of the EDM notches in the specimen.
NotthNoo A B C¢C D E F G H I J K L
Height (mm) 1 2 3 4 5 6 7 8 9 10 12 15

Fig. 1. Photograph showing stainless steel specimen sample plate with EDM
notches of various heights (Labeled A-L).

Specimen

Fig. 2. Photograph showing the experimental setup.

cycle Hanning windowed toneburst from a RITEC 4000 pulser-receiver
[27] was used to excite the probe, which was placed on the top surface
of the plate, on a line perpendicular to and bisecting the notch length-
wise. The experimental setup is shown in Fig. 2. The probe position is
optimized such that the maximum energy of the input signal is incident
directly on the back-wall breaking corner of the notch. The output was
received using an oscilloscope [28] and averaged over 512 ensembles to
reduce random noise.

The uncertainties associated with measurements were accounted for
by taking a statistically significant number (typically 30 for a normal
distribution - see [13;29] for e.g. for more discussion of this point) of
independent measurement trials for each notch case. After every trial
the equipment is turned off and the setup including the connectors and
couplant was dismantled. The complete setup is then recreated for fresh
measurements to account for instrument uncertainties. The environ-
mental noise was considered by switching off and on again the elec-
trical appliances running in the background such as air-conditioning
and also by performing the trials on different days.

For validation purposes, an aluminium specimen plate similar to the
SS specimen was prepared with identically dimensioned and located
EDM notches. Angle-beam pulse echo ultrasonic inspections were
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carried out on the specimen and multiple independent measurements
were taken, as described above.

3. Signal noise based transfer function

The transfer function approach we propose here, is essentially based
on the hypothesis that the signals are linearly related to the defect (in
this case, a crack) parameter which is (also) one of the primary as-
sumptions in the classical (Berens) procedure for PoD computation [3].
The classical transfer function approach is actually based on a corollary
of this linearity hypothesis where, the ratio of signals in related com-
ponents is assumed to be equal [18,21]. In particular, the work reported
in [21] assumes that the ratio of signals in aluminium is equal to the
ratio of the signals in titanium plates and it was expressed as shown in
the following equation,

,€XP, Ti y_trans,Al
L

i -
simTi — ,sim,Al °
Y;

Y

i=1..n

@

where y is the signal response and n is the number of observation
points.

In this work ([21], quoted above), the equality of variability in the
signal was adapted from [18], where the variability in experimental
signals with the aluminium component is assumed as being equivalent
to that in titanium. The transfer function was specified by the following
relations,

trans,Al __ pexp,Ti sim,Al_ psim,Ti
0 =5 + 5 0 (2)
trans,Al _ pexp,Ti sim,Al_p sim,Ti
By =B + B B 3
6exp,Al2 - 5cxp,Ti2 (4)

where §,, 8,and § are the regression parameters associated with the
signals. Eq. (4) represents the equality of signal variability.

Here we develop a simplified form of the above quoted (or ‘clas-
sical’) transfer function approach, where the hypothesis of signal line-
arity is directly used to model the, ’transferred’ PoD for related appli-
cations. To illustrate this approach, data acquired from extensive
experimentation using an austenitic SS specimen is used to predict the
PoD curve for similar inspection on identical notch configurations in
aluminium components. We assume that the regression parameters are
equal in both cases which include the feature of equality of variability
in signals as assumed in literature (see [18;21]). Hence, the regression
parameters were equated regardless of the material and this is ex-
pressed as shown in the following equation,
(ﬁémns,Al) 5ltrans,Al, 5¢mns,A1)=(ﬁoexp,SS) ﬁlexp,SS, 5exp,SS) (5)
where pirensAl glransAl guans Al gepSS gepSS and §@PSS are the regres-
sion parameters such as intercept, slope and residual standard deviation
of transferred signals for aluminium and experimental signals of SS
repectively.

Before performing the regression, the signals were normalized to
maintain uniform scale and log transformed for better linearity. The
classical signal response PoD function by Berens [3] is based on the
relation between defect size and signal response,
In@) =g, + BIn(a) + 8 6)
where ‘@’ and ‘@’ are crack length and signal response respectively.

PoD can be determined, for each defect, by calculating the prob-
ability of the signal response exceeding the decision threshold, math-
ematically:

PoD(a )= Probability (In(@) > In(a@y,)) 7
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where ‘@’ is the cumulative distribution function of normal distribution
with mean ‘¢’ and standard deviation ‘o’.

The crucial parameter in PoD determination is the decision
threshold ‘G’ and often the signal noise (SN) is considered for de-
termining the decision threshold in signal response PoD analysis: we
have also done the same. Since the signals are normalized for uni-
formity in scale, the measured noise is also normalized. The transferred
PoD for aluminium is computed by using the normalized SN in alumi-
nium specimen (NSN“!) as the decision threshold along with the re-
gression parameters of SS experiments. Hence, the mean and variability
of transferred PoD are written as,

trans,Al __
H“ - ﬁ exp,SS
1

an

5trans,Al
gtrans, Al —

Blexp,SS (1 2)

Thus the transferred PoD for aluminium is computed through a
decision threshold based on noise in aluminium, with the linearity
parameters of the SS specimen.

4. Results

In order to validate the proposed transfer function approach, the so-
transferred PoD is compared with the fully experimentally calculated
PoD for the aluminium plate. The comparison of linearity of normalized
signals with correspondence to the notch height in both aluminium and
SS is shown in Fig. 3 and this gives confidence to our proposed ap-
proach. The asymptotic portion of the datasets belonging to larger
notch cases was excluded from the analysis. For the studies described in
this paper, the decision threshold was chosen to be 15 times that of the
amplitude of signal noise measured in experiments (i.e. more than
20 dB). The transferred PoD curve is computed as described in the
previous section and it is shown in Fig. 4 along with that obtained using
full experimentation on the aluminium sample itself.

The transfer PoD shows good agreement with the experimental PoD

O SS Experiments

= Y =0.5688 * X-0.9917
O Al Experiments

= Y =0.5694 * X-0.978

Log values of normalized signal amplitude

0 0.5 1 15 2
Log values of notch height

25

Fig. 3. Linear regression plot of defect response signals obtained as from ex-
periments on stainless steel and aluminium specimens.
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Fig. 4. Comparison of signal noise based transfer PoD of aluminium with full
experimental PoD and classical transfer function PoD curves.

curve and it falls within the limits of 95% confidence level of experi-
mental PoD (the 95% confidence level is a widely used metric for
characterizing the sampling uncertainty in PoD analysis [2-4]). This
gives confidence to the assumptions made in our approach. The clas-
sical transfer PoD of aluminium is also computed similar to the work
reported in literature [21], for comparison purposes. In order to com-
pute the classical transfer PoD as described in the Egs. (2)-(4), Finite
Element (FE) simulations were carried out for both aluminium and SS
specimens. A commercial FE package [30] was used to model the wave
propagation assuming 2D plane strain conditions (see our previous
work [16] for FE simulation approach and also a justification for using
2D models). The specimen plate was modelled using linear quad-
rilateral elements. Experimentally measured elastic properties of actual
samples were assigned to the models. The integrated probe used in the
experiments was modelled as a wedge with Plexiglas properties and its
dimensions were extracted from the actual probe used. The boundaries
of the domain of interest were modelled by absorbing regions (see [31]
for a description of the ALID method used) as shown in Fig. 5 to
minimize the wave reflections which helps in identifying the signal of
interest. The simulations were performed in a statistical manner by
uncertainty propagation in the influential parameters (for detailed

Ultrasonics 96 (2019) 276-283

Table 2
Parameters used for Finite Element (FE) model studies of ultrasonic wave-defect
interaction.

Sl No Model Parameter Aluminium Plate SS Plate

1 Length of the plate model 75 (mm) 75 (mm)

2 Thickness of plate model 28 (mm) 28 (mm)

3 Material density 2700 (kg/m®) 8000 (kg/m°)
4 Young's modulus 70 (GPa) 200 (GPa)

5 Poisson's ratio 0.33 0.29

description of simulation-supported PoD, see [32-39]). The parameters
and the properties used for the models in the FE simulation are given in
Table 2 below.

The comparison of classical transfer function PoD based on [21]
with our signal noise based transfer PoD is shown in Fig. 4 and this
positively highlights the potential of the present approach in predicting
the PoD curves. In addition, the efficacy of the present approach is also
demonstrated by computing the transfer PoD contrariwise. The trans-
ferred PoD of SS sample is computed by using the experimental data of
aluminium sample and it is compared with the classical transfer func-
tion PoD and fully experimental PoD for the SS sample. In this case, the
decision threshold is based on noise in the SS sample. Fig. 6 shows the
comparison of thus transferred PoD of SS sample. In this application
also the transferred PoD falls within the limits of the 95% confidence
level of experimental PoD curve which shows the potential of this
present approach.

5. Discussion
5.1. Defect morphologies

The application of this signal noise based transfer function approach
is limited to the scenarios of related defect morphologies in different
materials. As failure mechanisms vary with materials, the resulting
crack geometries may also vary. The differences in crack geometries in
parent and target material can cause variations in signal to noise ratios
and on the overall signal and noise behaviour which makes the transfer
approach difficult. To emphasize the variation of signal behavior over
defect morphologies, simulations of two different cases of branched
cracks in SS sample were performed. The considered configurations of

Fig. 5. Schematic of the FE model used for studies in this paper.
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Fig. 6. Comparison of signal noise based transfer PoD of stainless steel with full
experimental PoD and classical transfer function PoD curves.

the branched cracks are illustrated in Fig. 7(a) and (b). The type of
cracks in Fig. 7(a) has been mainly considered in simulation-based
studies in the literature (see for e.g., [40-42]). FE simulations were
carried out by simulating the variations in probe position and frequency
as similar to simulations discussed in the previous section and 10 runs
were performed for each crack case. The normalized scatter plot of the
signal amplitudes obtained from simulations are shown in Fig. 8(a) and
(b).

It can be observed that the scatter of the normalized signals of ‘Y’
shape and inclined branched cracks are much different from each other
and also they are not similar to the results of EDM notches discussed in
the previous section. Thus, target defect morphologies need to be
considered in the parent material to establish a linear trend similar to
the target defect configuration, since equivalence in linearity is the
underlying hypothesis of this approach. This also limits the choice of
the parent material to have the feasibility of reproducing the defect
morphologies expected in the target material.

5.2. Transfer PoD of SS from MS data

Among the materials considered for demonstrations shown in the
previous section, SS has the prevalent failure mechanisms of stress
corrosion cracking and intergranular cracking which results in narrow,
closed, partially closed and branched type cracks. Although stress cor-
rosion cracking is also reported in aluminium alloys [43-48], in order
to further showcase the validity of the approach, another sample spe-
cimen made up of MS was considered, where MS can be expected to
have failure mechanisms and defect types of the same type as in SS.
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Fig. 8. Scatter plot of the normalized signals obtained from simulations of
branched cracks in Stainless Steel (a) ‘Y’ shape cracks; and (b) inclined bran-
ched cracks.

EDM notches of identical configurations as in SS and Al specimens were
machined in the MS specimen. Extensive PoD experimental campaign
was carried out in a fashion as described in Section 2. The obtained
normalized signal amplitude scatter in comparison with the results of
SS and Al is shown in Fig. 9 and it further strengthens the underlying
hypothesis of the proposed approach.

Transfer PoD curves for SS and Al were computed using the ex-
perimental data of MS and also the transfer PoD curve for MS was

(a)

(b)

Fig. 7. Schematics of the branched cracks considered for simulations (a) ‘Y’ shape cracks; and (b) inclined branched cracks. All dimensions are in mm.
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Table 3
Parameters used for Finite Element (FE) model studies of wave-defect interac-
tion in mild steel specimen.

Sl No Model Parameter MS Plate
1 Length of the plate model 75 (mm)
2 Thickness of plate model 28 (mm)
3 Material density 7800 (kg/m>)
4 Young's modulus 200 (GPa)
5 Poisson's ratio 0.3
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Fig. 10. Comparison of transfer PoD curves of aluminium by using data of mild
steel specimen with fully experimental PoD of aluminium.

computed in reverse. Classical transfer PoD curves for respective ma-
terials also computed and for this purpose FE simulations for MS spe-
cimen were carried out. The parameters used for the FE simulations are
listed in Table 3. The computed signal noise based transfer PoD curves
in comparison with classical transfer function PoD and experimental
PoD are shown in Figs. 10-13.

The comparison of thus computed transfer function PoD curves with
fully experimental PoD is quantified in terms of the correlation coeffi-
cient and shown in Table 4. For all the cases — SS, aluminium and MS -
the signal noise based transfer PoD show very good agreement with the
fully empirical PoD. However, the classical transfer function approach
requires simulations for both the parent and related application — the
accuracy of such models can adversely impact the results. On the other
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Fig. 11. Comparison of transfer PoD curves of austenitic stainless steel by using
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Fig. 13. Comparison of transfer PoD curves of mild steel by using data of
austenitic stainless steel specimen with fully experimental PoD of mild steel.

hand, the proposed simplified transfer function approach based on the
signal noise requires only the empirical data of the parent application
along with the quantified signal noise value in the target application.
One of the limitations of this study is that we have considered only a
set of 3 materials, namely Aluminium, SS and MS: however we note,
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Table 4
Quantitative comparison of transfer PoD curves with fully empirical PoD
curves.

Cases Experimental data  Classical transfer Signal noise based
PoD transfer PoD

PoDtrans,Al SS 0.9778 0.9989

MS 0.9518 0.9974
poprans.ss Al 0.9989 0.9976

MS 0.9918 0.9996
PoDtrans:MS Al 0.9672 0.9971

SS 0.9926 0.9997

that these are the most widely used metals in engineering applications.
Also, in the current implementation, the velocity of the shear ultrasonic
mode needs to be similar in the pair of metals chosen, in order to ensure
a similar wedge angle for excitation. Indeed, studies of our proposed
approach for combinations of more pairs of metallic materials more
widely ranging wave velocities are a topic of ongoing research at our
group at this time.

Finally, we note here that the goal of this paper is to demonstrate
the signal noise based transfer PoD approach rather than computing
actual PoD curves. Thus, for simplicity discrete notch heights from
1 mm were considered, whereas the actual PoD estimation requires
more number of notches in the transition zone of PoD curve. However,
since the approach strongly relies on the equivalence in linearity and
closer agreements were observed in all materials having identical not-
ches, inclusion of more notches is not expected to affect the validity of
the approach.

6. Conclusion

This paper presented a simplified transfer function approach based
on signal noise in the material. The proposed approach was demon-
strated through an example case of PoD curve prediction for bulk ul-
trasonic inspection of a thick aluminium plate by using the empirical
PoD data of an otherwise similar austenitic SS plate and a mild steel
plate. Similarly, it was also demonstrated in each of the possible com-
binations among these three materials. The transfer function PoD curve
is validated through the comparison with fully empirical PoD curves
and results predicted by the classical transfer function PoD curve.
Validated 2D FE simulations were used to generate classical transfer
function PoD curves. The signal noise based transfer function PoD
curves are within the limits of 95% confidence level of extensive ex-
perimentation PoD and also shown closer agreements than the classical
transfer function PoD. This simplified approach requires only the em-
pirical data of parent application along with the signal noise mea-
surement in the target application. Quantitative comparison in terms of
correlation coefficient is also made to show the efficacy of the proposed
approach.

The results show the potential of the simplified transfer function
approach in predicting PoD curves, however, the application is limited
to the scenarios of related defect configurations in different materials.
More research is needed to incorporate the effect of variabilities in
signal and wider range of defect configurations in diverse materials. In
general, the signal noise based transfer function approach is a potential
and cost effective tool to transform the PoD data computed for a simple
application to a related applications such as materials with different
inherent signal noise levels for similar defect types and it can be ex-
tended for more complex applications such as inspection of weld defects
based on data generated on parent metal.
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