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Abstract: In this study, a reliability evaluation of the phased array ultrasonic testing (PAUT) method
was performed to examine the applicability of the method for tube weld specimens with flaws
having the same specifications as the tubes in the boilers of thermal power plant facilities. To this
end, test specimens were fabricated by inserting flaws into tube welds with identical materials and
specifications to those used in the thermal power plant. PAUT data acquisition was obtained using a
round robin test (RRT) on the fabricated specimen, and the data were compared with the results of
radiographic testing (RT) for a comparative evaluation of the flaw detection performance. In addition,
for quantitative reliability analysis, the flaw detection performance (probability of detection; POD)
and the error in the sizing accuracy (root-mean-square error; RMSE) were calculated with different
materials of the specimens (carbon steel, stainless steel, dissimilar metal) and flaw types (volumetric,
planar). In the analysis results, for high-risk planar defects, the PAUT technique exhibited superior
flaw detection performance to the RT technique. A POD analysis of the PAUT technique indicated
that flaws of 6.9 mm length were detected at 80% probability for total tube specimens. Furthermore,
a reliability analysis was performed for test specimens of different materials and flaw types, and the
results were derived. Through the findings of this study, the applicable range of the PAUT technique
was examined, and a technical basis for PAUT in lieu of RT was established.

Keywords: phased array ultrasonic testing; round robin test; probability of detection; power generation
facilities

1. Introduction

Boiler tubes in thermal power plant facilities are exposed to high-temperature and
high-pressure environments and operate under extreme conditions. The environmental
conditions cause damage that interferes with the operation of the power plant facilities,
such as corrosion or cracks. The flaws are mainly found in welds, owing to the effects of
stress concentration caused by the material properties and geometric shapes of welds [1,2].
In addition, fabrication flaws such as lack of fusion, incomplete penetration, porosity,
and inclusions are generated during the construction phase, and they grow into defects
that affect failure depending on the environmental conditions during operation [3]. To
ensure the integrity of boiler facilities, nondestructive testing (NDT) suitable for the applied
facilities should be performed. Recently, various NDT techniques for power generation fa-
cilities, including boiler facilities, have been developed and tested [4,5]. With technological
development, new NDT techniques emerge, and relevant institutionalized regulations or
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standards are established or revised for industrial applications of these techniques [6,7].
The conventional NDT method used in power generation facilities is radiographic test-
ing (RT), but recently, owing to the tightened regulations on the use of radiation, the
application of RT has become more difficult and limited. Therefore, the development of
alternative volumetric nondestructive evaluation methods to replace RT is imperative [8].
The volumetric inspection techniques for the replacement of RT include ultrasonic testing
(UT) using a single element transducer and phased array ultrasonic testing (PAUT) using
an array of elements transducers. [9]. In the PAUT technique, a focal law is applied to
control the propagation angle and focal position by electronically applying time delays
for each transducer [10]. In contrast to the conventional UT methods, the PAUT method
is advantageous for saving digitalized images and allows high-speed inspection of flaws
through rapid changes of the focusing position [11]. Owing to these advantages, research
has been conducted for adopting the PAUT method in various industrial applications,
e.g., research on the development of inspection systems, such as inspection devices and
transducers, for applying the PAUT technique to nuclear power plant components [11];
research on the application of PAUT to the inspection of composite materials such as car-
bon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP), which
have attracted considerable attention for a wide range of industrial applications [12,13];
and research on optimizing the inspection conditions of PAUT for stainless steel weld
inspection using simulations [14]. As indicated by the previous studies, the scope and
range of applications of PAUT have been increasing. However, few empirical studies
involving the application of the method to boiler tube welds in thermal power plant facili-
ties have been conducted. Before in-service application of the method in industrial fields,
reliability evaluation of the PAUT method through a round robin test (RRT) should be
performed [15,16]. The RRT is the most representative method for reliability assessment of
NDT for power generation facilities such as in the case of the Programme for Inspection of
Steel Components (PISC) project [17].

In this study, to verify the reliability of the PAUT technique, mock-ups with artificial
flaws inserted into boiler tube welds of thermal power plant facilities were fabricated,
and an RRT was performed. The mock-ups were fabricated with different base materials
(carbon steel, austenitic stainless steel, dissimilar metal) and flaw types (planar, volumetric).
The RRT was performed on the PAUT technique, and the results were compared with those
of RT to examine the feasibility of PAUT. In addition, to investigate the application range
of the PAUT technique, the probability of detection (POD) and sizing performance were
evaluated under various conditions, including the flaw type, size, and specimen material,
to assess the reliability for different conditions. Through the evaluation, a technical basis for
applying the PAUT technique in lieu of RT for flaw detection in the tube welds of thermal
power plant facilities was established.

2. Reliability Evaluation Technique for NDT

A representative technique for quantitative reliability evaluation of NDT is calculating
the POD. The POD is the probability of detecting flaws according to the flaw length a. It
is expressed as POD (a), and its graphical representation is referred to as the POD curve.
In general, through the RRT, according to the measured information on the presence or
absence of flaw and sizing, a POD curve is derived and used for reliability evaluation
for various conditions and factors. The following models are used to obtain POD values:
a binary POD that reflects the flaw detection status with binary data (hit/miss) and a
signal-response POD based on the correlation between the measured flaw size and the real
flaw size (4 vs. a). For hit/miss data, the value assigned depends on whether a previously
identified flaw was detected with the technique under evaluation. The real flaw size was
measured by an inspector with ASNT Level Ill based on RT and PAUT data. A value of 1 is
assigned in the case of detection; otherwise, 0 is assigned. This method is suitable for the
reliability analysis of techniques such as magnetic testing, penetrant testing, and RT, with
small differences between the real flaw sizes and experimental values. However, because
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this approach uses simple binary data that do not take into account various parameters of
the inspection system, a large amount of data is needed to achieve high reliability [18].

The 4 vs. a approach is a reliability evaluation method using signal response infor-
mation based on the flaw length. It is suitable for techniques where the signal response
depends on the flaw size, such as eddy current testing and UT. In particular, it is possible
to obtain a POD with high accuracy in an inspection technique using ultrasound, such as
UT or PAUT, where the sizing error can be large, depending on the inspection conditions
and inspector performance. Thus, in this study, a reliability analysis was performed by
applying the & vs. a method.

2.1. Mathematical Model for POD

The POD represents the probability of detecting a flaw as a function of the flaw size.
Mathematically, the detection probability for flaw size a is expressed as POD(a). For a
certain distribution, by using the expressions for the detection probability (p) according to
the flaw size (7) and the density function of the detection probability, i.e., f,(p), POD(4) can
be expressed as follows:

1
POD(@) = [ pfa(p)dp (1)

As indicated by Equation (1), POD(a) is a continuous function of the average detection
probability at flaw size a. To estimate the corresponding regression model, a logistic model
reported by Berens as the optimal model for nondestructive evaluation was applied. The
logistic model provides values close to the cumulative normal distribution and allows easy
interpretation of the result. It is expressed as follows:

POD(a) — exp(a + Blna)

1+ exp(a+ Blna) @

Here, « and f can be obtained through general regression analysis or the method of
maximum likelihood estimation (MLE). The logistic model is widely applied for reliability
analysis of NDT results.

2.2. Evaluation of Sizing Performance for Measurement Accuracy

In nondestructive evaluation, accurate measurement of the flaw size is important for
determining the acceptance of the detected flaws. The sizing performance of NDT results
can be evaluated through linear regression analysis between the real flaw size and the
measured flaw size. The regression analysis is performed using the least-squares method,
and the intercept value in the result indicates the tendency for over- or underestimation
between the true value and the measured value. A graph of y = x where the slope of the
trend line obtained through the regression analysis is 1 and the intercept is 0 corresponds
to the optimal sizing performance. Next, for quantitative assessment of the error between
the real flaw size and the test result, the root-mean-square error (RMSE) must be calculated.
The RMSE is calculated as follows:

1/2
m; — t;
RMSE = [Z?_l (lnl)] )
where 7 represents the total number of flaws, m; represents the ith real flaw size, and ¢;
represents the ith measured flaw size.

3. Round Robin Test (RRT) and Reliability Analysis
3.1. Tube Weld Specimens
For the tube welds of the reheater and superheater used in thermal power plants,

various materials are used, such as carbon steel, austenitic stainless steel, and dissimilar
metals. The materials are selected according to the allowable tensile strength and operating
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temperature of the facility, and tubes with different specifications are used depending on
the usage environment. Taking into account this aspect, the test specimens were fabricated
with the same materials and specifications as those used in real facilities. To obtain more
accurate results for austenitic stainless steel specimens (for which it is generally difficult
to apply the PAUT method), a large number of specimens were fabricated. The tube weld
specimens were divided into a similar metal and dissimilar metal welds, and a total of
30 specimens were fabricated. Table 1 presents the specifications and quantities of the
fabricated test specimens.

Table 1. Specifications of the tube weld specimens (weld type, material, size, quantity).

Material oD THK Oty.

No. Type (ASME Spec.) (mm) (mm) <E1’z’)
TO1-T06 SA210Gr.Al 50.8 5.6 6
TO7-T12 o 422 6 6
T13-T18 Similar Metal TP304H 50.8 4 6
T19-T24 63.5 4 6
T25-T30 Dissimilar Metal TP304H + SA213-T91 422 6.6 6

The specimens were designed/fabricated by artificially inserting volumetric flaws
(porosity, slag) and planar flaws (incomplete penetration, lack of fusion, crack). In par-
ticular, planar flaws, which are more detrimental than volumetric flaws to the integrity
of the facilities, were fabricated at a high ratio. Table 2 presents the type and number of
flaws designed according to the materials of the test specimens. The test specimens were
fabricated via welding according to the Welding Procedure Specification (WPS) applied
in power plant construction. This allowed the fabrication of the specimens under the
same conditions as the tubes used in the field. A total of 109 flaws were fabricated in the
specimens, which was a sufficient quantity to perform a reliability analysis (POD, RMSE).

Table 2. Flaw quantities of the tube weld specimens.

Material . .
Type (ASME Spec.) Lack of Fusion  Crack Porosity Slag
o SA210Gr.Al 8 6 5 8
Similar Metal TP304H 8 34 5 3
Dissimilar Metal TP304H + SA213-T91 8 6 5 8

3.2. PAUT Experimental Setup and Perform RRT

In contrast to the conventional UT method, the PAUT method uses transducers of
various arrays, and the results are significantly affected by the focal law. It is practically
difficult to evaluate the reliability of each case under all conditions. Therefore, it is nec-
essary to select an inspection system and a scan plan for reliability evaluation. In this
paper, inspection devices and software were selected as Olympus(Japan) and ZETEC(USA),
equipment mainly used in the field, and the details are shown in Table 3.

Table 3. Specification of PA device and software.

PA Devi PA Channels Software
evice 1D DLA Set-Up Data Acquisition Data Analysis
. Above Above NDT Setup MXU OmniPC 5.8/
OmniScan MX or MX2 14/ ¢4 16/64 PR Builder 1.1 (MX2.0/MX244)  Tomoview 2.10
TOPAZ 32 or 64 Above Above Ultravision 3.10  Ultravision3.10  Ultravision 3.10

16/64 32/128 PR

A shear wave transducer with a frequency of 7.5 MHz and 16 elements standardized
for tube inspection was used. In addition, a dual linear array (DLA) longitudinal wave
transducer with 32 elements of 5 MHz arranged in two rows was used for austenitic
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stainless steel and dissimilar metal welds, which are high-attenuation materials. The
detailed specifications of the PA probe are shown in Table 4. To ensure the reproducibility
of the test results, a scanner mounted with a wedge and an encoder processed to the same
curvature as the tube were used. The scan plan used for the testing was prepared so that
the welds and heat-affected zone were included in the inspection volume and used for RRT.

Table 4. Specification of PA Probe and Wedge.

Wave Type Array Frequency No. of Pitch Elevation Wedge
yp Type [MHZz] Element [mm] [mm] Angle [°]
Shear 1D 7.5 16 0.5 10 60
Longitudinal DLA 5 32 0.75 5 70

There was a total of six inspection teams participating in the RRT, with two inspectors
per team. All inspection teams perform preventative maintenance at actual thermal power
plants, and at least one experienced inspector with more than 10 years of experience in
ultrasonic inspection (UT and PAUT) participated. All inspectors performed calibration of
the equipment in accordance with ASME Section V. Figure 1 is a picture of performing RRT.

Figure 1. Picture of performing RRT for PAUT data acquisition.

3.3. PAUT Reliability Analysis Results

For applying the PAUT technique to the inspection of tube welds in the boilers of
thermal power plant facilities, it is necessary to evaluate the applicable target range. There-
fore, in this study, a reliability evaluation was performed for different materials of the
specimens to determine the application range of PAUT. In addition, a reliability evaluation
was performed by dividing the flaws into volumetric flaws (porosity, slag inclusions),
which are difficult to detect using the PAUT technique, and planar flaws (crack, lack of
fusion), which more significantly affect the integrity of the facilities. A POD evaluation
was performed using the MH1823 POD analysis software, which is widely used for the
reliability assessment of NDT [16]. For POD analysis, the logistic model of Equation (2) was
used, and a regression analysis was performed using the maximum likelihood estimation
method. Figure 2 presents the results of the POD analysis for the entirety of the tube weld
specimens. The analysis results for the PAUT data obtained by six teams for 30 specimens
are shown.

In the graph, the black line indicates the POD according to the flaw length, and the red
dotted line indicates the 90% confidence interval. The POD analysis results indicated that
asp was 3.23 mm and agy was 6.93 mm for flaw detection. Here, a5y represents the minimum
flaw length at which the flaws can be detected with 50% probability. In addition, the value
of agy /g0 representing the 90% confidence interval exhibited a large error of 8.14 mm, which
was attributed to the differences in the performance of the participating teams. A POD
analysis was performed for each team, and the results are presented in Table 5. For ag,
the teams with the best and worst performance obtained values of 5.59 and 10.77 mm,
respectively, exhibiting a considerable difference. In the RRT, the same inspection system
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and procedure were applied, and the tests were performed under the same temporal-spatial
conditions. The large difference is ascribed to the differences in the performance of the
inspectors among the participating teams.
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Figure 2. POD analysis results for the tube weld specimens.

Table 5. POD analysis results of each team for the detectable length with 80% probability [mm].

Team

All A B C D E F

Detection Size

6.93 6.89 5.50 10.77 7.02 5.59 5.53

The POD results calculated according to the flaw types are shown in Figure 3. Figure 3a
presents the POD analysis results for volumetric flaws (e.g., porosity and slag inclusions),
and Figure 3b presents the analysis results for planar flaws (e.g., cracks and lack of fusion).
In general, the ultrasonic inspection method has poor detection performance for volumetric
flaws such as porosity and slag, owing to the low sensitivity of the reflected signals.
However, the method has good detection performance for planar flaws such as cracks and
lack of fusion because of the high sensitivity of the reflected signals. The RRT results of the
present study followed this trend. The reliability analysis results indicated that 80% POD
was obtained at a flaw length of 6.55 mm for volumetric flaws and 5.15 mm for planar flaws.
The large deviation of the 90% confidence interval in Figure 3a is due to the significant
difference in the detection performance among the participating teams for volumetric flaws,
which are difficult to detect via the PAUT technique.

Figure 4 shows the results of the reliability evaluation for different materials of the
test specimens. An 80% POD was obtained at 4.53 mm for carbon steel, 6.14 mm for
austenitic stainless steel, and 11.58 mm for dissimilar metals. Ferritic steel welds exhibit
good flaw detection performance because carbon steel is an isotropic material and is less
affected by attenuation or refraction in the propagation of ultrasonic beams. However,
austenitic stainless steel (TP304H) has high attenuation and material anisotropy, which
makes ultrasound testing difficult. In particular, for dissimilar metal welds (TP304H + T91),
the attenuation and refraction of ultrasonic waves occurs at the interface between the base
metal and the welds, which causes difficulties in inspection and data evaluation. The
difficulty of ultrasound testing may be due to the coarse grain and crystal orientation
of the metallization, which may cause significant changes in attenuation, reflection and
refraction at grain boundaries, and changes in velocity within the grain. This reduces
the sensitivity of PAUT, resulting in a lower POD. The dissimilar metal welds contain
anisotropic materials, and signal interpretation is difficult owing to reflection and refraction
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at the interface between carbon steel and austenitic stainless steel. For these reasons, the
reliability of the PAUT technique for dissimilar metal welds was low.
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Figure 3. POD analysis results obtained by classifying planar and volumetric flaws: (a) planar flaws;
(b) volumetric flaws.
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Figure 4. POD analysis results obtained by dividing the welds according to the materials: (a) Ferritic
steel welds (SA210Gr.A1); (b) Austenitic stainless steel welds (TP304H); (c) Dissimilar metal welds
(SA210Gr.A1 + TP 304H).
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Figure 5 shows the results of calculations using the least-squares method. In the results
of the linear regression analysis, the carbon steel and austenitic stainless steel specimens
exhibited high sizing accuracies, and the dissimilar metal specimens exhibited relatively
large errors from the ideal regression line.

20 7 I
1 W : & ;om
[T T IS s SN NSy RS SO
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E 14+ f : 4 ;
é d Ba . i i : : o
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True Length (mm)

Figure 5. Linear regression results obtained using the least-squares method for evaluating the sizing
accuracy according to the material type.

Figure 6 shows the results of calculating the RMSE derived from the regression analysis
for different specimens. The overall RMSE for the inspection results was approximately
5.8 mm, which was higher than the acceptance criteria at 19 mm for the PAUT technique
presented in ASME Code Section XI, Appendix. For the results of the analysis based on
the welding materials, the RMSE was 3.52 mm for carbon steel, indicating an excellent
accuracy, and 6.79 mm for dissimilar metal welds, indicating a relatively low accuracy.

Total

Ferritic Steel
(SA210 GR.1)

Austenitic Stainless

Steel(TP304)
Dissimilar Metal Weld
(TP304+SA213 T91) : 6.79
RMSE

Figure 6. RMS result to evaluate the sizing accuracy according to the material.

3.4. Comparison with RT

For the application of PAUT in lieu of RT, the method should exhibit comparable
or better flaw detection performance. For comparison, RT was performed on the same
specimens, and the flaw detection performance of PAUT was comparatively evaluated.
For the RT method, the double wall exposure technique was applied according to ASME
Section I & V for flaw detection. The flaws detected via PAUT and RT are shown in Figure 7.
In general, the flaw detection performance of PAUT for planar flaws (for which PAUT is
advantageous) was significantly better than that of RT. For volumetric flaws, RT detected
all the flaws, but PAUT missed one flaw in the dissimilar metal welds.
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Figure 7. Comparison of the flaw detection performance between RT and PAUT according to the flaw
type and materials.

4. Conclusions

We performed an empirical study to evaluate the applicability of the PAUT technique
to the inspection of boiler tube welds in thermal power plant facilities. The specimens
of boiler tube welds were designed and fabricated with different materials (carbon steel,
austenitic stainless steel, and dissimilar metals), and a reliability assessment was performed
on data acquired through an RRT for various flaw types and materials. According to the
results, the following conclusions are drawn.

e  The results of the POD analysis for the tube specimens indicated 80% POD at 6.93 mm;
the 80% POD for high-risk planar flaws such as cracks is about 5.1 mm, and the
80% POD for volumetric flaws, which are generally difficult to detect via ultrasonic
technique, corresponded to 6.57 mm, indicating relatively poor detection performance.

e Inthe POD analysis results for different welding materials, the 80% POD for dissimilar
metal welds was approximately 11 mm, which was lower compared with similar metal
welds (ferritic and austenitic steel). This is thought to be because the interpretation of
signals was more difficult owing to the attenuation and dispersion of ultrasonic waves
at the interface of different materials.

e  Overall, there was a tendency for overestimation compared with the actual size of the
flaws, and the RMSE for the sizing accuracy was the smallest (3.52 mm) for carbon
steel and the largest (6.79 mm) for dissimilar metal welds.

e  The flaw detection performance was compared between the PAUT and RT methods.
The PAUT method significantly outperformed RT for planar flaws, but in the case of
volumetric flaws, it missed a flaw.

The findings of this study confirmed that the PAUT technique can be applied to carbon
steel and austenitic stainless steel welds. However, the method exhibited relatively low
reliability for dissimilar metal welds. Compared with RT, the PAUT technique exhibited
good flaw detection performance overall. The results can be used as a technical basis for
the application of PAUT in lieu of RT. To improve the reliability of the PAUT technique
for dissimilar metal welds, additional empirical studies should be performed with further
investigations, e.g., for normalizing the signal characteristics and achieving more consistent
inspector performance.
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