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Abstract: Estimation of probability of defect detection (POD) is one of the most important problems in
acoustic emission (AE) testing. It is caused by the influence of the material microstructure parameters
on the diagnostic data, variability of noises, the ambiguous assessment of the materials emissivity,
and other factors, which hamper modeling the AE data, as well as the a priori determination of
the diagnostic parameters necessary for calculating POD. In this study, we propose an empirical
approach based on the generalization of the experimental AE data acquired under mechanical testing
of samples to a priori estimation of the AE signals emitted by the defect. We have studied the samples
of common industrial steels 09G2S (similar to steel ANSI A 516-55) and 45 (similar to steel 1045) with
fatigue cracks grown in laboratory conditions during cyclic testing. Empirical generalization of data
using probabilistic models enables estimating the conditional probability of record emissivity and
amplitudes of AE signals. This approach allows to eliminate the existing methodological gap and to
build a comprehensive method for assessing the probability of fatigue cracks detection by the AE
testing.
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1. Introduction

AE testing has become a popular and rapidly developing method of non-destructive
testing (NDT) due to its unique characteristics such as high sensitivity to the presence
of microcracks and the applicability to various materials. AE testing is based on the
generation and analysis of elastic waves with irreversible changes in the internal structure
of the material [1]. AE testing is successfully applied to testing materials with a complex
structure—anisotropic magnesium alloys [2], TRIP/TWIP steels [3], and composites [4].
However, the high sensitivity and specificity of AE testing causes a number of problems
that hinder its widespread use, for instance, low repeatability and low POD. There are
three main reasons for the difficulties in assessing POD and interpreting the results.

First, unlike most NDT techniques, AE diagnostic signals are not a reaction to a certain
probing effect. AE waves are generated by the internal sources appearing within the
microstructure of the material activated during the mechanical or thermal loading [5,6].
Even when the loading pressure is determined and repeatable, the AE data is principally
random. There is a strong relationship between AE signals and parameters of the material
microstructure, such as the grain size, state of grain boundaries, presence and volume
fraction of non-metallic inclusions, etc. [7-9]. The total effect of these stochastic factors
explains the great variability of AE signals even for the typical testing structures and defects
of similar type and size [10,11].
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The second reason is the absence of a direct correlation between AE data and defect
size [12]. A defect in AE testing is considered not as a discontinuity, but as an active
source of elastic waves. In the case of a crack, generation of AE waves may be caused
by deformation and fractures as well as by friction between existing defective surfaces,
but in the case of corrosion, the most powerful AE signals may be caused by concomitant
processes, such as hydrogen bubble formation or corrosion products crumbling [13,14].

The third reason is the complexity of the diagnostic data—a single defect can generate
hundreds and even thousands of AE signals. It complicates formulating the defect detection
criteria, unlike other NDT methods where the defect may be detected from a single signal
when its amplitude exceeds a certain threshold.

Due to the presence of residual stresses, generation of AE is also possible for defect-free
structures, which contributes to the probability of making false detection of a defect (type I
error). In the presence of a defect, signals corresponding to its growth must be identified
against the background of external acoustic noise, which increases the probability of defect
omission (type Il error). One of the first approaches to assessing defect detection probability
is described in [15,16]. This approach represents a universal method for estimating POD
in the case of fatigue destruction, but their implementation requires setting more than
20 quantitative a priori unknown parameters. An empirical method for assessing POD in
composite materials is based on the distribution of AE hit amplitudes using a finite element
model of the acoustic waveguide [17]. Various aspects are analyzed in [18,19], with respect
to POD at various stages of defect development and the likelihood of correctly assessing
the defect hazard class. In [20,21], a method for calculating POD in industrial objects made
of ductile low-carbon steel is proposed. Based on the experimental data, the authors justify
the need to scale the amplitude distribution by the crack step value, while POD turns out
to be proportional to the crack size. The reliability of defect detection by the AE method in
composite materials is also considered in [22], where the author compares the distribution
of the defect’s dimensions with the distribution of AE hit amplitudes and estimate the
probability of making type I and II errors by comparing the discrimination threshold value
with the quantile of the amplitude distribution.

The problem of assessing POD in AE testing cannot be solved in general due to
uncertain stress—strain conditions and a strong influence of the material microstructure.
Partial decisions for POD estimation are possible but do not have a practical meaning.
This study represents an attempt to make a reasonable generalization in assessing POD
for AE testing. The proposed method allows estimating POD for the case of periodical AE
inspection and for the steels of the pearlitic structural class.

Periodic AE testing procedure is carried out for the decommissioned structures and,
in contrast to structural health monitoring, assumes a certain regulated loading procedure,
which represents a stepped pressure loading of the structure. With such organization of
the testing procedure, the stress—strain state of the structure is not completely uncertain.
Restrictions on the structural class of the investigated steels allow making more definite
generalizations regarding the parameters of AE sources.

In [12], it was proposed to predict the number of AE hits emitted by an object with
crack during the loading procedure using the Palmer-Heald model, which represents the
relationship of the number of AE hits vs. the applied load up to a multiplicative parameter
D, which is a constant of the inspected material. Based on the analysis of experimental
data for different steels of the same structural class, it was shown that this parameter can
be interpreted as a random variable with a normal distribution with constant parameters
(mean value and variance) for certain steel grades. Refinement of the parameters of the
Palmer-Heald model enables predicting the crack type from AE source emissivity with a
certain probability.

Though such a model does not clarify the nature and hazard class of AE source, its
application makes it possible to estimate statistically the number of AE hits emitted by AE
source, and together with AE hits amplitude distribution allows predicting detectability
and assessing POD.
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This paper represents an approach to assessing the probability of fatigue crack detec-
tion by AE testing. For this aim, we offer an a priori model of the AE testing procedure,
which includes a model of the AE source, allowing to predict the emissivity and the ampli-
tudes of AE signals, as well as a model of the waveguide, allowing to predict the signals’
waveform. The procedure for AE data processing is also simulated.

A kind of concentration criterion is considered as a detection criterion, in which a
defect is detected if the location cluster reaches a certain density. The main efforts of the
authors are aimed at determining the probability of fulfilling the defect detection criterion
for various AE test parameters, such as the distance between the sensors, the maximum
load value, the steel grade, etc.

The following assumptions are made in the frame of this study:

- fatigue cracks originate and propagate under cyclic operating load and are detected
during AE testing under step loading by tension, as recommended by the ASTM
standard [23];

- during the AE data registration, the method of threshold detection is used, while
the threshold value is refined based on the calculation of the probability of defect
detection;

- as a method of location, linear location is considered, while the density of the cluster
is determined as the number of AE events located at an interval of 0.05L, where L is
the distance between the AE sensors.

2. Materials and Methods

We have studied the notched samples made from hot-rolled sheets with a thickness
of 3-5 mm made of industrial steels 09G2S (similar to steel A 516-55) and 45 (similar to
steel 1045) with a ferrite—pearlite structure and nominal chemical composition shown in
Table 1 [12].

Table 1. The chemical composition of the studied steels.

The Content of Chemical Elements (% wt)

Steel
C Mn Si Cr Ni Cu As S P
( :591%55) <012 1317 0508 <03 <03 <03 <0.08 <004 <0035
( 1325) 042-05 0508  017-037 <025 <025 <025 <0.08 <004 <0035

The samples were tested under static tension using a loading schedule described
in [23]. Flat samples with an edge notch were made according to ASTM E1930/E1930M-
17. In total, 50 samples were made of 09G2S steel and 10 samples of steel 45. Fatigue
cracks were grown in all samples by cyclic tensile loading with a maximum cycle stress of
Tmax = 0.6:0y (0 is the yield strength). The loading stops when fatigue crack developing in
the lateral notch area reaches a certain length. Nominal crack lengths vary from 3 to 15 mm.
Thus, the total length of the notch and crack is 15 to 28 mm depending on the sample.

At the next stage, testing of the samples with fatigue cracks was carried out by Instron
8801 testing machine (Figure 1a). AE signals were recorded during the tests using A-
Line 32D industrial system. The measuring path consisted of resonant sensors GT200
(LLC “Global test”) which have resonance frequency 180 kHz and preamplifiers of the
electrical signal PAEF-014. The total noise of the equipment is 26 dB in reference to 1 puV at
preamplifier input. The threshold for acoustic signals discrimination was set to 40 dB.
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Figure 1. Experimental setup (a) and loading diagram (b).

The loading diagram is shown in Figure 1b. Two triangular cycles at the initial
stage are necessary to equalize the internal mechanical stresses that occurred during the
production and placing of the samples. The main loading cycle consists of four stages:
first, the load gradually increases from 0 to 0.5 7y4x, second—from 0.5 04 t0 0.75 Tay,
third—from 0.75 05y to 0pax. The fourth stage is carried out with a stress exceeding o ax
by 25%. A more detailed description of the experiment is given in [12].

3. POD Estimation

Simplified probability estimation algorithms are shown in Figure 2. To assess the
probability of making a type I error associated with a false defect detection, long-time
realizations of noise should be obtained. For each realization, a processing procedure is
carried out to verify the defect detection criterion. The correct completion of the check
procedure is the deviation of the criterion fulfillment condition, otherwise, a type-I error
occurs. The probability of making type-I error « is defined as the number of erroneous
decisions k to the total sample size N, i.e., a = .

| A priori AE data set | ‘ Defect detection criterion ‘ ‘ Noise ‘ I Defect detection criterion ‘

v v v

AE data processing ‘ ‘ AE data processing ‘

no

Type-II error

Is the criterion

fulfilled?

no Is the criterion

fulfilled?

Correct decision Correct decision | Type-I error ‘

(a) (b)

Figure 2. Simplified algorithms for estimating the probability of making a type I (a) and type II (b) errors.

The probability of making a type-II error is estimated similarly based on a priori
models of the AE data set. The stochasticity of the AE source parameters provides a
difference in the AE parameters of the sample. The probability of making a type-II error
is defined as the number of cases when the detection criterion is not fulfilled m to the total
sample size N, i.e.,, B = .
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3.1. Empirical AE Signals Modeling

To assess the POD, we have developed an algorithm for a priori estimation of AE data
sampling parameters. The main stages of this algorithm are the probabilistic model of the
AE source and the deterministic model of the waveguide.

During industrial AE testing, when the distance between sensors and source can reach
several meters, AE source parameters do not significantly affect the AE signal waveform.
Therefore, we may assume that the AE source emits short impulses (5-impulses) with
duration less than the sampling period. Thus, the AE source emits Ny signals with
amplitudes Ay, k € [1, Ny'|. Ny- and Ay may be considered as random variables. A detailed
description of the AE source is presented in paragraph 3.1.1.

Signal waveform is mainly determined by the dispersive propagation along the
waveguide. Thus, to calculate the AE signal waveform, a waveguide model is necessary.
In this study, we use an analytical model of the waveguide, which allows calculating the
dispersive AE signals propagation. The waveguide model is described in paragraph 3.1.2.

The flowchart of the simulation algorithm is shown in Figure 3. To make the model
more realistic, noise may be added to the AE signal.

AE source function:
Nz short impulses, with an ‘

amplitudes A;, i € [1, N] | AE signaA} modelling
z
Waveguide function » s@®)= Z Aih(t,]) ‘
transfer function h(t.l) for | | =1 | :
accounting dispersive propagation

and attenuation

Noise function
noise(t)

Figure 3. Flowchart of AE signal simulation algorithm.

As a result of the modeling, we obtain the AE data set which is regarded as a separate
AE signal. The number of signals Ny, and their amplitudes Ay are determined by AE source
and the waveform f(f) is the function of the waveguide.

3.1.1. AE Source Modeling

The defect is the AE source, which responds to the loading effect and emits signals
with a nanosecond duration and can be considered as d-functions. The number of emitted
signals Ny and the amplitudes of the AE signals Ay depend not only on the defect size, but
also on the loading parameters and, to a large extent, on the parameters of the material
microstructure. Preliminary studies have shown that the parameters Ny- and Ay can be
considered as random variables that do not directly correlate with the defect size. In [12], it
was established that the parameters Ny and Ay correspond to certain laws of probability
distribution and can be estimated using probabilistic models.

The number of signals emitted by a defect during growth per unit length is a parameter
of the material emissivity and can be estimated using the multiplicative parameter of the

Palmer-Heald model as
o
ool (55) 1)) v

where ¢ is the actual stress, 0y, is yield stress, D, is coefficient depending on the charac-
teristics of the material [24]. The parameter D, is random and corresponds to the normal
distribution N(i,0%) and the quantitative values of u and ¢ for 09G2S and 45 steels are
given in [12]. According to the well-known law of D, probability distribution, based on
the Palmer-Heald model, it is possible to estimate the probability that a certain number
of AE signals will be recorded when the object with fatigue crack is loaded. For this, the
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distribution of D, is scaled by the coefficient (sec (% %;’") — 1) with respect to the value
Omax-

In [25], it was shown that the distribution of AE signal amplitudes corresponds to
the Weibull law W(A k). The parameters of scale A and shape k are random values corre-
sponding to the normal distribution law for each of the inspected materials. Considering
the results of the preliminary study, a hierarchical two-level algorithm is proposed for
modeling the AE source (Figure 4), in which the distribution parameters for A, k and D, are
estimated first, and then the parameters of the AE source are determined, characterizing its
emissivity and amplitude values of radiated AE signals.

Initial data: steel grade, thickness 7, maximum load value Gmax

v v

[Estimation of D, parameters distribution — N(u, 6°) [Estimation of Weibull distribution parameters A —
IN(w1, 0,%) and k - N(uk, 0i°)
Generation of a random variable D’ having a Generation of random variables correspond-
distribution N(u, 0?) ing the scale and shape parameters A' and k’
Estimation of the AE signals quantity Estimation of amplitudes A’ (i € [1, N'x]) of
the AE signal in accordance with the distribu-
N'g = D' - sec | (=2max) _q
T "a 2 o tion W(A', k')

v v

Result: estimation of source parameters N’y and 4’ (i € [1, N’x])

Figure 4. Flowchart of the algorithm for modeling the AE source parameters.

3.1.2. Modeling the Parameters of the Acoustic Waveguide

The signal waveform f(f) is determined by the patterns of its propagation along the
acoustic path. Various analytical, semi-analytical or numerical models may be used to
simulate the signal shape. In this study, to calculate the acoustic waveguide, an analytical
algorithm for calculating the normal waves propagation [26] was used, based on the
modal analysis [27] and analytical calculation of the frequency-dependent attenuation
coefficient [28]. The modeling of the acoustic path (Figure 5) is described in detail in [26].

Transient Transversal part of the S f Calculation uaoso(z, t)
coefficients displacement vector ensor reql;ency with help of the
Kaoso(f) da0,50(f) respanseiS() modal analysis

\—l 0 |

Hao,so(f)= Kao,so(f) 640,50(f)S(f)

l

Calculation of impulse
response h4o, so(f)

y {

Modeling result
s40,50(z, t)=u(z,t)*hao,so(t)

Figure 5. Flowchart of the algorithm for modeling the acoustic path.
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3.2. Defect Detection Probability Calculation

AE signal parameters modeling described in the previous section makes it possible to
implement an algorithm for calculating POD as a detailed numerical experiment, including
modeling AE signals about variations in the values of a priori unknown defect parameters.

The initial data are the steel grade, wall thickness, parameters of liquid media, max-
imum value of the applied mechanical load, frequency range, and characteristics of AE
sensor. Based on specified initial parameters, considering the different locations of the
defect, the calculation of realistic models of AE signals has been carried out. The coordinate
of the defect varies from 0 to L with a step Ax, where L is the distance between the sensors
that form the location sensor array. Models are calculated for two AE sensors that form the
linear location. Each of the models is formed for the same source parameters N'y- and A’;
(i € [1, N’y]) with the distance from the defect x and L-x, respectively.

Since the formation of a location cluster of a certain density is considered as a criterion
for defect detection, a location procedure is carried out to check the detection condition,
followed by an assessment of the formed location cluster density.

In accordance with regulatory documentation, the location error is about 5% of the
distance between the sensors L. Therefore, the density of the location cluster is determined

clust

over the interval length AL = x £+ 0.025L as p.j,s; = NAT' where N7t is the number of
indications in the location interval. The flowchart of this algorithm is shown in Figure 6.

Object parameters: - steel grade, wall thickness, presence / absence of liquid media

AE testing parameters: - distance between AE sensors L, maximum mechanical load ome, frequency range,
impulse response of AE sensor, amplitude discrimination threshold

v

| Defect coordinate setting x=0; |

| Calculation of a realistic AE signal model |

v

| Threshold amplitude discrimination I

¥

‘ Location procedure |

v

Determination of the location cluster density peus: in the area of the defect location |

<> >

\ 4
1f'()d
P—LOPX X

[ pe=px)+IN |
|

Figure 6. Flowchart of the algorithm for POD assessment.

A defect is detected if the location cluster has reached the critical density p% . Oth-

clust*
erwise, a type-II error occurs. Since the simulation is based on the probabilistic model of
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the AE source, to obtain a reliable POD, it makes sense to repeat the calculation procedure
~10%-10° times. POD at a certain location is determined as the fraction of the total number
of repetitions N, at which the detection condition is satisfied. For the case of an arbitrary
and a priori unknown location of the defect, POD is determined as

1 (L
p=1 [ P, @

3.3. Calculating Probability of Making Type-I Error

One of the significant disadvantages of AE testing is the presence of external noise
associated with technological processes of the testing structure or with the loading pro-
cess. The most common sources of noise include friction, fluid leakage, bubbling and
cavitation, and various types of electrical and electromagnetic noise. This section provides
a methodology for calculating the type-I error probability associated with false defect
detection. To calculate the probability of false detection, it is necessary to calculate the
probability of the location cluster formation in the absence of a defect. We assume that the
noise parameters are constant throughout the entire testing procedure. The initial data
for calculation are the probability distribution density of the noise process, the value of
the amplitude discrimination threshold thr, location parameters, distance between the AE
sensors L and the sound velocity c. The probability p is estimated from the condition that
the samples of the time realization of noise(t) exceed a certain threshold value thr:

P = P(n(t) > thr). ®)

For the AE event to be located and displayed on the location diagram as an indication,
the difference At in the recording times of signals must satisfy the inequality At < £, where
c is the velocity of AE waves propagation. The probability of locating the noise signal
Pioc can be calculated as the probability that the difference in the arrival times of signal
recorded by the sensor array channels will be less than At. For this, Poisson’s formula is

appropriate. It allows calculating the probability of a false location as:

pan = (Panr-Dt-fy)e~ PirbEfa), 4)

where f; is the sampling rate of the AE signal.

For uncorrelated noise, the probability of a false indication pj,. can be calculated as
Ploc = (pthr)z. For correlated noise, it is pjoc = pypr- According to the selected criterion for
defect detection, the probability of making a type-I error is estimated as the probability of
the appearance of N,; indications in the interval AL. To estimate the probability of such
an event, it is necessary to set the total measurement time T, since the type-I error increases
with the increase of the number of recorded noise samples. The probability of an error a
can be estimated using the Poisson formula as the probability of occurrence of Nt events
with the probability p;, when the number of trials is T/ At:

clust
WY T
We A= Ploc xy- ®)

N =
4. Results and Discussion
4.1. AE Signal Simulation Results

A priori determination of AE source parameters is one of the main results of this study.
According to the proposed model, the emissivity of fatigue crack may be estimated using
the multiplicative coefficient D, of the Palmer-Heald model (1). For fractures at the stage
of stable growth, it corresponds to the normal distribution law.

Table 2 shows mean values and standard deviations of parameter D,, obtained on
the basis of empirical data for the studied steel grades with respect to the wall thickness
of the investigated object. According to the distribution of D,, it is possible to estimate
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the probability that a certain number of AE signals will be recorded when an object with
fatigue crack is loaded.

Table 2. Parameters D, distributions for steels under study.

D
Steel Grade -
Mean Value Standard Deviation
09G2S 51h 25h
45 107h 35.7h

Figure 7 shows the density distribution of the AE hits quantity Ny, for steels 09G2S
and 45 at different maximum values of mechanical stress in the loading cycle. A high
emissivity of steel 45 is noted as compared to steel 09G2S; in addition, an increase in the
maximum mechanical stress oy from 0.50 to 0.70y leads to an increase in Ny by on
average three times.

0.025 0.010
0.02 //\\ 0.008 /"\
2
20015 / \( £ 0.006
< N\ 3 / \
3 001 AN 2 0.004 3¢
A S SUN i G-
0.005 / T\ AN 0.002 A\ >
. ’\ N PESAN NN
o \ ~e. \ .-
0 === ‘ =~ S— ) 0.000 == - . = ,
0 50 100 150 200 250 300 350 0 200 400 600 800 1000
cummulative AE hits, Ny . .
cummulative AE hits, Ny
—G/Gy =05 — —0/oy =0.6 ---0/oy=0.7 _— 0/0), =05 — —c/cy =0.6 ---c/oy=0.7
(a) (b)

Figure 7. Probability density function Ny, for steels 09G2S (a) and 45 (b).

When analyzing the amplitude distribution, we have found that for fatigue cracks
in 09G2S and 45 steels at the stage of stable growth, amplitude distribution follows the
Weibull distribution law. Moreover, the distribution of the parameter A corresponds to
the normal distribution law with parameters y = 5.5 and ¢ = 1.13 for steel 09G2S, y =7.76
and o = 0.69—for steel 45. The parameter k is characterized by a small scatter and for
both steels can be represented using the normal distribution with the parameters y = 1.14
and o = 0.095.

Figure 8a shows the Weibull distribution functions for the mean value of the scale
parameter A = 5,51 within the confidence interval of the parameter k with a confidence
level of 0.95. Figure 8b shows the Weibull distribution functions for the mean value of
the parameter k within the confidence interval (3.25, 7.77) of the parameter A with the
same confidence value of 0.95. These dependencies show that the scatter of the shape
parameter has a significantly smaller effect on the distribution type than the spread of
the scale parameter. The obtained values of AE emissivity and parameters of the impulse
amplitude distribution correspond to the data presented in [29-31].
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Figure 8. Weibull distribution function with the mean value of the parameter A within the confidence interval of the
parameter k (a) and with the mean value of the parameter k within the confidence interval of the parameter A (b).

Examples of AE signal waveforms obtained as a result of modeling are shown in
Figures 9 and 10. Figure 9a—c shows the signals calculated in accordance with the method
described in paragraph 3.2.1, for the distances between the AE source and AE sensor
of 2, 5 and 7 m, respectively. Figure 10 shows more realistic data: modeled signals are
shown against the background of noise caused by the pump during hydraulic loading. The
correctness of AE signal simulation and their correspondence to the experimental data are
demonstrated in [26].

1 04 025

05 0.2 0.125
= - =

a 0 & 0 a 0
— ~ ~
~J -~ ~-J

-05 =02 -0.125

-1 -04 -0.25

0 3 6 9 0 3 6 9 0 3 6 9
t, ms ¢ ms t, ms
(a) (b) (c)

Figure 9. Modeled signals at different distance from AE source 2 m (a), 5 m (b), 7 m (c).

1 04 0.25
05 02 0.125
- - %
2 0 g8 0 a 0
=05 =02 -0.125
-1 -04 -0.25
0 3 6 9 0 3 6 9 0 3 6 9
1, ms 1, ms t, ms
(a) (b) ()

Figure 10. Modeled signals against noise caused by compressor at different distance from AE source 2 m (a), 5m (b), 7 m (c).

The AE waveforms shown in Figures 9 and 10 are the components of the signals
s1 (formula 3) and s, (formula 4), which are used to determine the location of the AE
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source. Figure 10 shows an example of calculating the location of a fatigue crack in steel
45 with parameters based on the distributions shown in 7b and 8b (NZ =250, A =7.76,
k =1.13). The distance between the AE sensors L was set equal to 7 m, the source coordinate
x =2 m. Figure 11a—c corresponds to different values of the discrimination threshold—30,
35 and 40 dB, respectively. The best location result corresponds to a lower discrimination
threshold; with an increase in the threshold, the location error is associated with an incorrect
determination of the arrival time of the AE signals and a small number of localized events
with missed AE signals, the amplitude of which was less than the discrimination threshold.

120 40 25
100
30 2
80
- - W15
g ¢ g 2 g,
©40 (] ]
10
0 ||||||.|I||||I|.I.IIIIII|||||||||||||||||||||| 0 ||||||||||||.|||I|||||||||||||||||||||||||| 0 TITTTTTITTITI T I T I T AT T I T AT T I T I I rToITTIT Tl
t:!.—‘Nm'.fm-ohwmg t:!.—‘Nm'.fm-ohwmg t:!.—‘Nm'.fm-ohwmg
X, m X, m
(a) (b) (c)

Figure 11. Result of AE source location with different amplitude thresholds: 30 dB (a), 35 dB (b) and 40 dB (c).

4.2. Results of Estimating Type II Error Probability

Figure 12 shows the POD values versus detection threshold and various values of
the defect coordinate x (x = 1..L) calculated for Nclust = 5 and the distance between the
sensors L = 5 m. The POD depends significantly on the threshold value. For threshold
values of 40 dB, 45 dB, and more than 48 dB the POD value is 95%, 83%, and less than
50% respectively, for the case when a defect is placed in the middle between the sensors
(x=25m).

probability

Figure 12. Dependence of POD vs. threshold value thr and crack’s coordinate x.

The dependence of the POD on the coordinate x is less significant. The highest POD
is reached when the defect is placed in the middle between the sensors. When the defect
is displaced from the central part, the probability decreases. For example, at a threshold
of 40 dB and 45 dB the POD decreases by 5% and 35%, respectively, when the defect
coordinate changes from x =2.5mtox =0.5m



Appl. Sci. 2021, 11,9429

12 of 18

Figure 13 shows the dependence of POD on the amplitude discrimination threshold
for L = 5 m at different values of N7 which determines the number of located events.
The probability of a fatigue crack detection decreases with an increase in the threshold thr,
and the rate of decrease initially becomes higher with the increase of N°*s,

probability of defect detection
o
e

probability of defect detection

0.2
0
30 35 40 45 50 55 70
thr, dB
Ndust=5 = ====--- Ndlust=15 Nclust=5 — -+ — Nclust=10
— -+ — Ndlust=10 — — =Ndust=20 | | = =====-- Nclust=15 — — — Nclust=20
(a) (b)

Figure 13. Probability of fatigue crack detection depending on the threshold value for different N/t
for steels 09G2S (a) and 45 (b).

The probability of AE signal detection for steel 45 is significantly higher than for steel
09G2S. The maximum value of the discrimination threshold, which ensures reliable defect
detection, is 10 dB higher for steel 45 than for steel 09G2S. Therefore, fatigue cracks in steel
45 can be detected at a higher noise level. For example, with a detection threshold of 40 dB
and a distance between the sensors L = 5 m, the probability of detecting a fatigue crack
in steel 45 is 8% higher than in steel 09G2S, and at a threshold of 45 dB, typical for noisy
objects, the probability of detection for steel 45 is higher by 32%.

Calculating the probability of fatigue crack detection at different distances between
the AE sensors was carried out according to the algorithm described in Section 3.2. The
probability of fatigue crack detection versus testing zone length, given by a distance
between the AE sensors is shown in Figure 14. The calculation was carried out for a
single-layer waveguide, not in contact with a liquid.

probability of defect detection
probability of defect detection

thr=30 dB — - — thr=35dB thr=30 dB — - — thr=35dB
------- thr=40 dB — — —thr=45dB ------- thr=40 dB — — —thr=45dB

(a) (b)

Figure 14. The probability of detection of a fatigue crack for steels 09G2S (a) and 45 (b).

The probability of detecting a fatigue crack in steel 45 is significantly higher at any
distance between the AE sensors. For example, with a minimum threshold value of 30 dB,
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the detection probability of 0.95 corresponds to the L = 8 m for steel 09G2S and L =16 m
for steel 45.

Comparing the probabilities of detecting fatigue cracks for different distances between
the sensors, it can be noted that at L = 10 m the probability of detecting cracks in 09G2S and
45 steel is approximately the same, and at L = 15 m the probability of detecting a crack in
45 steel is approximately 20% higher. However, a further comparison is impractical, since
at L > 20 m the probability of detecting a crack in 09G2S steel is less than 50%.

4.3. Results of Estimating the Type-I Error Probability

In this study, we considered signals of two types as noise: stationary noise generated
by the compressor of the loading device and unsteady impulse noise caused by turbulent
fluid flow inside the object under test. Figure 15a,b shows the temporal realizations of this
noise. Figure 15¢,d illustrates the probability distribution density.
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Figure 15. Temporal realizations (a,b) and probability density functions (c,d) of noise caused by
compressor (a,c) and turbulent fluid flow (b,d).

The distribution of stationary noise is close to normal, while the distribution of non-
stationary noise is different from the normal due to a heavy tail formed with an outlier’s
samples. With a standard time of AE testing of about 1 h and an average sampling
frequency of ~5 MHz, about 10! samples are analyzed during the testing time.

Figure 16 shows the POD calculation results obtained using the method described in
paragraph 3.3 for stationary uncorrelated and stationary correlated noise at L = 5 m. For
uncorrelated noise, the probability of type-I error turned out to be significantly lower than
for correlated noise. This can be explained by the fact that the statistical independence of
uncorrelated data measured by different AE channels reduces the probability of a false
location. A sharp increase in the probability of false detection for uncorrelated noise is
observed at a threshold of about 6 std, for correlated noise—at 4 std; therefore, at the same
noise level, the detection threshold for uncorrelated noise can be 1.5 times lower than for
correlated noise. An increase in the required number of indications in a location cluster
from 5 to 20 allows reducing the value of the data registration threshold by 0.7 dB, which is
an insignificant value in terms of a better likelihood of detection.
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Figure 16. Probability of making a type-I error at different Nelst for uncorrelated (a) and correlated (b) stationary noise.

Figure 17 shows the result of a type-I error probability calculation for the case of
non-stationary noise. The impulse nature of the noise (Figure 15b) requires the detection
threshold to be significantly higher than for stationary processes.
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Figure 17. Probability of making a type-I error for a non-stationary friction-induced noise at different
Nclust

An acceptable value of the probability of a type-I error is achieved at a threshold of the
order of 10-15 std. At the same time, an increase in the N parameter from 5 to 20 makes
it possible to reduce the threshold by at least 4 dB at the same error level.

4.4. Selection of the AE Testing Parameters Based on Minimizing the Total Error Probability

The threshold value and the value of the parameter N°“s! are the setting constants
during the probability calculation. An increase of N and thr leads to a decrease of a
type-1 error probability and an increase in the probability of a type-II error. A decrease in
these parameters, on the contrary, decreases the probability of a type-II error but increases
the probability of a type-I error. The correct choice of N and thr allows finding a
compromise—to achieve a minimum of the total error probability, which can be estimated
from the probabilities of type-I & and type-II p errors as:

Perror = ol + 7T1,B (6)

where 710, 771 are a priori probabilities of the events associated with the occurrence of type-I
and -II errors. Minimization of the total error probability is one of the criteria for optimal
detection that can be used as a criterion for optimal defect detection [32].
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To determine the optimal detection parameters, the dependences obtained in Section 4.3
were scaled in accordance with the specified value of the noise standard deviation. Figure 18a—
shows the probability of type-I and -II errors at different thr for the correlated noise with
standard deviation std = 25, 27.5 and 30 dB, respectively. Figure 18d—f illustrates the
dependences of the total error probability on the discrimination threshold for various noise
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Figure 18. Probabilities of making type-I and -II errors and total error probabilities at standard deviation 25 dB (a,d),
27.5dB (b,e) and 30 dB (c,f).

As follows from Figure 18d—f, the minimum total error probability is achieved at the
minimum value of the parameter N“s! = 5 at a threshold approximately equal to 6 std. At
a noise std = 25 dB, the minimum possible value of the total error probability is 5%, at a
std = 27.5 dB—14% and at a std = 30 dB about 31%. The influence of the parameter N/st
is greater for higher noise levels. At std = 25 dB, the total error probability corresponding
to Nt = 5 is 5% greater than at N = 20, and at std = 30 dB, increasing N from 5 to
20 leads to an increase in the minimum value of the total error probability by 18%

Figure 19 shows the minimum total probability depending on the threshold for various
Nest for stationary uncorrelated, stationary correlated, and non-stationary frictional noise.
For all types of noise, the minimum values of the total error probability are reached at
Nest = 5. The value of the total error probability significantly depends on the noise type.
A total error probability of less than 0.1 is achieved for uncorrelated stationary noise with
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s < 30 dB, for correlated stationary noise—with s < 26 dB, and for non-stationary frictional
noise—with s < 18 dB.
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Figure 19. Minimum values of the total error probability of a fatigue crack detection against the background of stationary

uncorrelated (a), stationary correlated (b) and nonstationary frictional (c) noise.

5. Conclusions

In this study, we have proposed a new approach to assessing the probability of fatigue
cracks detection in structural steels during AE testing, based on an a priori estimation of
AE signals emitted during crack growth with respect to the parameters of the acoustic
waveguide and data registration, such as amplitude discrimination threshold and spatial
filtration. We have implemented an empirical approach, i.e., the parameters of the AE
source have been determined experimentally. However, the probabilistic assessment of
the crack emissivity and the values of the AE signals amplitudes enables generalizing the
results obtained for a class of steels with a ferrite-pearlite structure.

The parameters of the AE source—the number of emitted signals during the growth
of the crack (emissivity) and the amplitudes of the AE signals are estimated as random pa-
rameters (Figure 6). The parameters of the acoustic path, on the contrary, are considered de-
terministic using analytical modeling of dispersive propagation and frequency-dependent
attenuation of AE waves. The integration of mathematical models of various types has
been carried out (Figure 8), which allows calculating AE signal which corresponds to
different values of the source parameters and reflecting the variability of the AE parameters
observed during the testing procedure in an industrial environment. Due to a large number
of random parameters, the calculation of the AE parameters using the empirical model is
carried out about 10,000 times, until the estimated value of the probability stabilizes, i.e.,
the estimated value does not change by more than 0.05% within 100 iterations.

The proposed approach is based on the statistical model of the source; therefore,
it is more formal than the approach based on Paris law and the AE source theory [33]
represented by Pollock [15]. In addition to the statistical basis, the present method utilizes
a physical Palmer-Heald model, therefore being more reliable and specific than methods
based on artificial neural networks [34] and deep learning technology [35].

The proposed method is relatively complex since it represents a common concept,
which allows considering many factors influencing the AE test result. However, the method
in its current state has several simplifications that should be revised in a more detailed
examination or for more specific test conditions:

- when calculating the probability of defect detection, it is assumed that the AE channels

have the same sensitivity. However, in practice, the sensitivity may differ due to
problems associated with the quality of the acoustic contact between the transducer
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and the testing object; the information about testing structure—sensor coupling could
be obtained during the calibration of the AE equipment,

- during data analysis, the authors rely on the amplitude distribution and the emis-
sivity parameter, however, the use of precise broadband sensors allows considering
information in the frequency domain, which, in turn, allows us to change the defect
detection criterion, making it more reliable for solving specific problems.

- probability calculation is carried out only for a given detection criterion during stan-
dard data processing, including only threshold discrimination and standard location
procedure.

The proposed technique opens wide possibilities for POD assessment under various
testing conditions. It is possible to consider the distance between the AE sensors, the
magnitude of the maximum applied load, AE sensor parameters, noise characteristics, etc.

For example, it was shown that for structures made of steel 09G2S, AE testing may
provide 95% POD at 10 m distance between sensors and 30 dB detection threshold as well
as at 5 m distance and 40 dB threshold. For steel 45 with higher AE emissivity, the distance
between the sensors may be greater: 18 m at 30 dB threshold and 12 m at 40 dB threshold.

The optimum threshold value could be estimated during the total error probability
minimization.

The modular structure of the proposed algorithm allows independent refinement
of AE source and waveguide models without changing the general calculation concept.
The proposed methods may be used to estimate the probability of fatigue crack detection
during industrial AE testing of extended objects undergoing cyclic loads: pipelines, tanks,
pressure vessels, etc.
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