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a b s t r a c t

During the fabrication process of reactor vessel head penetration (RVHP), the grain size of the tube
material can be changed by hot or cold work and the inner side of the tube can also be shrunk due to
welding outside of the tube. Several nonregular time-of-flight diffraction (TOFD) signals were found
because of deformed grains. In this paper, an investigation of nonregular TOFD indications acquired from
RVHP tubes using experiments and computer simulation was performed in order to identify and
distinguish TOFD signals by coarse grains from those by Primary Water Stress Corrosion Crack (PWSCC).
For proper understanding of the nonregular TOFD indications, microstructural analysis of the RVHP tubes
and prediction of signals scattered from the grains using Finite Element Method (FEM) simulation were
performed. Prediction of ultrasonic signals from the various sizes of side drilled holes to find equivalent
flaws, determination of the size of the nonregular TOFD indications from the coarse grains, and exper-
imental investigation of TOFD signals from coarse grain and shrinkage geometry to identify PWSCC
signals were performed.

From the computer simulation and experimental investigation results, it was possible to obtain the
nonregular TOFD indications from the coarse grains in the alloy 690 penetration tube of RVHP; these
nonregular indications may be classified as PWSCC. By comparing the computer simulation and exper-
imental results, we were able to confirm a clear difference between the coarse grain signal and the
PWSCC signal.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since there were Primary Water Stress Corrosion Crack
(PWSCCs) found in the reactor vessel head penetration (RVHP)
weld of the Oconee and Davis-Besse nuclear power plants (NPPs) in
2001 and 2002, the Nuclear Regulatory Commission (USNRC) is-
sued US NRC Bulletin 2002-01, US NRC Order EA-03-009, and US
NRC Order EA-03-009 (Revison 1). According to the recommenda-
tion of the Korean Regulatory Body and the Korea Institute of Nu-
clear Safety, inspections of RVHP have been performed since the
early 2000s. In addition, Korean utilities have inspected the RVHP

of Korean NPPs in accordance with the American society of Me-
chanical Engineers (ASME) Code Case N729-1, which requires pe-
riodic inspection as to the susceptibility represented by the
effective degraded year parameter [1].

Recently, the penetration tubes of the upper reactor head have
been manufactured using alloy 690 to replace alloy 600 in order to
improve corrosion resistance [2]. However, PWSCCs can be initiated
in the contact area of the primary water at high temperature and
pressure. Thus, in the contact area, the time-of-flight diffraction
(TOFD) technique, which is claimed to have a high probability of
detection to detect cracks, has been periodically applied to ensure
material integrity. During the fabrication process of RVHP, the grain
size of the tube material can be changed by hot or cold work and
the inner side of the tube can also be shrunk due towelding outside
of the tube. Thus, nonregular TOFD signals can be acquired during* Corresponding author.
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tube inspection from the deformed grains (coarse grain) and
shrinkage geometry. Therefore, it is necessary to investigate those
nonregular TOFD signals in order to discriminate them from flaw
signals and to evaluate those flaws correctly. With that purpose in
mind, nonregular signals are classified into two types in terms of
formation mechanisms and signal patterns: (1) nonregular surface
geometry indication, very similar to surface geometry indication
(SGI), obtained from the inner surface of the tubes, which have big
curvatures; and (2) nonregular penetration tube indication (NPTI),
obtained from big volumetric flaws such as cracks, which are one
kind of penetration tube indication (PTI).

The effects on TOFD-image pattern and size of nonregular TOFD
signals (nonregular surface geometry indication and NPTI) were
experimentally evaluated using mock-ups with simulated artificial
defects used to generate these nonregular signals. Also, in order to
properly understand the nonregular TOFD signals (NPTI), a scat-
tered signal from the coarse grains in the tube was simulated using
a computer.

For the experimental investigation, one SGI and three PTI
mockups and a computer controlled ultrasonic testing (UT) system
with transducer module of PCS-24 TOFD were prepared. The ma-
terial, dimensions, and configurations of these mock-ups are the
same as those of Korean NPPs. The major purpose of the SGI mock-
up is to investigate the effect on detection and sizing of internal
flaws, which depend on the shape of the inner surface. One SGI
mockup of a penetration tube made of alloy 690 was fabricated
using gas tungsten arc welding (GTAW) to induce weld shrinkage.
Then, several Electric Discharge Machining (EDM) notches were
machined in the axial and circumferential directions with 10% and
25% of tube thickness, respectively, in the shrinkage region. Three
PTI mock-ups were selected from the fabricated penetration tubes
made using forged alloy 690materials; it was found that therewere
nonregular TOFD signals in the penetration tubes before they were
installed in the reactor vessel (RV) head. Using electronmicroscopy,
it was found that the PTI mock-ups cut out for microstructural
analysis and evaluation of grain size of the areal region produced
nonregular signals. The measured grain size and shape are used as
the input values of the Finite Element Method (FEM) simulation for
an ultrasound beam model to characterize the ultrasonic beams,
including backscattering noise, attenuation, and propagation of
ultrasound, and to predict ultrasonic signals from the grains, etc.

For the computer simulation, the microstructure of the major
components of the NPPswasmodeled to determine the effect of the
grain size on the ultrasound testing. In order to describe the ge-
ometry of the grain boundary, the Voronoi method [3] was used to
generate the grain pattern. The coordinates of the generating points
are generated by a random number generator in MATLAB (The
Mathwork, Natick, MA, USA). Using the simulated ultrasonic

signals, we investigated the relationship between the ultrasonic
signals and the grain size. Then, using TOFD B-scan images, ultra-
sonic scattering signals with coarse grains were analyzed.

In the computer simulation and experimental results, for the
alloy 690 penetration tube of the reactor pressure vessel (RPV)
head, the changes of weld shrinkage and microstructure grain size
were investigated by TOFD signal evaluation.

2. Materials and methods

2.1. Mock-up

The SGI mock-up block was fabricated using J-groove welding,
which penetrated the tube to 16.91 mm thickness, as shown in
Fig. 1 and Fig. 2; block was then cut out from the base metal of the
RV with some remaining part outside of the tube. Then, using a
modified dial gage, the inner surface of themock-up block was used
to measure the area of shrinkage due to welding deformation.
Finally, machining notches were added to the mock-up block at
suitable positions for acquisition of ultrasonic signals.

The applied welding method is GTAW, as shown in Fig. 1 and
Table 1. GTAW is widely used to obtain stable arc and high quality
weld metal. And the mock-up was designed with 5 degrees of
groove angle to minimize the welding amounts in the J-Groove.

Fig. 3 shows the shape of the shrinkage of the SGI mock-up. As
shown in Fig. 3, compared to healthy penetration nozzle, the
measured shrinkage of the penetration tubes was 1.2e1.6 mm.
Artificial EDM notches in the inner and outer shrinkage areas of the
welding surface deformation area were fabricated. Positions and
sizes of the EDMnotches are shown in Fig. 4 and Table 2. The depths
of A, B, and D EDM notches were 25% of the penetration tube
thickness; in cases F, G, J, and M, the notches were 10% of the
penetration tube thickness.

PTI is the most general indicator during any inspection of the
penetration nozzle material. Therefore, destructive testing of an
area inwhich a nonregular signal has been detected is one common
method to analyze the nozzle with PTI. A PTI mock-up block was
therefore prepared using the same material and size of the SGI
mock-up block, as shown in Fig. 5. The PTI mock-up was cut out of
the area that had acquired nonregular TOFD signals from the
installed RPV head. Specifications of the probe used for the in-
spection are provided in Table 3.

2.2. Experimental set-up

The mock-up blocks were inspected using a TOFD transducer
assembly (WesDyne International, Madison, PA, USA) with a
computer-controlled scanner, as shown in Fig. 6. The TOFD

Fig. 1. Manufacturing stages of surface geometry indication (SGI) mock-up.
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Fig. 2. Configuration of surface geometry indication (SGI) mock-up (welding stage).

Table 1
Specifications of surface geometry indication (SGI) mock-up (welding stage).

Item Material Product form Welding Process OD (mm) Thickness (mm) Length (mm)

Penetration SB166-N06690 Forging - 102.87 16.91 316.3
Head Base metal SA508 Forging - - 81.1 264.6
1st Cladding EQ309L - SAW (Strip) - - -
2nd Cladding EQ308L - SAW (Strip) - - -
Buttering I-52 - SMAW - - -
J-welding I-52M - GTAW(Machine) - - -
Reinforcement I-52M - GTAW(Machine/Manual) - - -

Fig. 3. Shrinkage distribution (measurement stage).
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Fig. 4. Configuration of Electric Discharge Machining (EDM) notches (machining stages).

Table 2
Dimensions of Electric Discharge Machining (EDM) notches (machining stages).

EDM Notch A B C D F G J M

Location(�) 45 315 90 270 67.5 67.5 292.5 67.5
Orientation ID Axial OD Axial ID Circ. OD Circ. ID Circ. OD Circ. ID Axial OD Axial
Thickness(mm) 17.5 (20.3)1) 18.0 (21.5)1) 17.1 (18.5)1) 17.3 (19.5)1) 16.5 (19.2)1) 16.5 (19.2)1) 16.6 (19.4)1) 16.9 (19.7)1)

Depth(mm) 4.3 4.2 (7.7)1) 4.2 4.2 (6.4)1) 1.7 1.7 (4.4)1) 1.8 1.7 (4.5)1)

Length(mm) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

1) Including extra base metal of outer tube.

Fig. 5. Penetration tube indication (PTI) mock-up blocks.

Table 3
Specifications of transducers (WesDyne International, Madison, PA, USA).

Type Nominal PCS Nominal Freq. Center Freq. Band-width % Wave Type Size Refracted Angle Sound Propagation

PCS-24 TOFD 24 mm (Dual) 5 MHz 4.5 to 5.5 MHz >40 Longitudinal 0.25”Ø 50� Circ.
PCS-24 TOFD 24 mm (Dual) 5 MHz 4.5 to 5.5 MHz >40 Longitudinal 0.25”Ø 35� Axial
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assembly consists of 24 mm probe center spacing, as shown in
Table 3. A general method was used to inspect the open housing
type of the RVHP without a thermal sleeve; this is known as a
suitable method for detecting and sizing of PWSCC.

The specially applied TOFD transducer module for inspection of
the RVHP, in this study, has passed the Electric Power Research
Institute (EPRI) performance demonstration initiative and opti-
mized for detection of PWSCC, as shown in Table 3.

2.3. TOFD signals from SGI specimen

TOFD signals were obtained from 10% and 25% thickness EDM
notches (axial and circumferential directions), which were inserted
into the shrinkage area of the mock-up blocks, as shown in Fig. 7. As
a result, all of the inserted EDM notches were detected and satisfied
all Root Mean Square (RMS) values for depth and length sizing er-
rors of indication according to ASME Section XI Appendix VIII, as
shown in Table 4.

Fig. 8 shows TOFD signals and B-scan image acquired from a
10 mm length defect in the PTI mock-up, which is shown in Fig. 5.
The region indicated was cut out of several parts and analyzed for
microstructural characteristics by light and electron microscopy.

Using electric discharge processing, four test specimens were
extracted from the PTI mock-up. The specimens were prepared to
have three observation surfaces containing PTI signals (S2, S3, S5)
and one observation surface that did not contain a PTI signal (S1), as
shown in Fig. 9. Using light and electron microscopy, each obser-
vation surface was analyzed as to its metallurgical structure.

As shown in Fig. 10, coarse grains are not observed on the sur-
face (S1, S3) of the specimens that did not contain PTI signals;
however, there are coarse grains on three surfaces (S2, S3, S5) of the
specimens containing PTI signals, as shown in Fig. 11. From the
microstructures of S2, S3, and S5, the maximum measured size of
the coarse grains was found to be 0.8 mm. Therefore, the change of
the grain size, especially the coarse grain size, could be one of main
reasons for the generation of nonregular TOFD signals, as shown in
Fig. 8, which provides a comparison to a regular TOFD signal
induced by defects.

3. Simulation of ultrasonic signals from PTI

Weldments of power plants are composed of anisotropic ma-
terials that include coarse grains, so it is difficult to discriminate
flaw signals from grain noises. Grain noises are affected by the
metallurgical parameters such as the grain size, voids, precipitates,
and grain orientation. Among these, compared to voids and pre-
cipitates, grain size is the major source of noise. Flaw echo is often
misjudged in ultrasonic inspection of course grains.

Fig. 12 schematically shows the grain scattering induced atten-
uation in polycrystalline iron as a function of frequency [4]. There
are three classical scattering regions: Rayleigh, stochastic, and
geometrical.

In the Rayleigh region, the mean diameter of the scatters is very
small compared to the wavelength. This could generally generate
grain noises in the Rayleigh region. In the stochastic region, the
mean diameter of the scatters is approximately the same as the
wavelength. UT in the stochastic region is affected by high noise
levels, and a decreasing signal to noise ratio. In the geometrical
region (diffusion region), the wavelength is very small when
compared to the mean diameter of the scatters. Pseudo signals
were obtained when flaws were detected at the geometrical region
ultrasound.

An ultrasonic scattering signal has a close relationship with ul-
trasonic attenuation. Eqs. (1)e(3) provide a classification of the
scattering types according to the ratio of the wavelength to the
average grain size [4]:

aI ¼ M1G
3
V f

4ðlz2aÞ (1)

aII ¼ M22af
2ðlz2aÞ (2)

aIII ¼ M22a
�1ðlz2aÞ (3)

Eq. (1) represents the attenuation in the Rayleigh region; the
constants M1 and M2 are given in Eqs. (4)e(5). GV is the grain
volume, which is defined by Eq. (6). Eqs. (2) and (3) represent the
attenuation in the stochastic and geometrical regions. In Eqs. (1e3),

Fig. 6. Automatic Scanner and transducer modules. (A) Automatic scanner (7010 type, WesDyne International, Madison, PA, USA). (B) Time-of-flight diffraction (TOFD) transducer
modules.
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Fig. 7. (A and B) Scan display images of surface geometry indication (SGI) time-of-flight diffraction (TOFD) signals from Electric Discharge Machining (EDM) notches “A”e“M”.
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a is attenuation, f is center frequency of ultrasonic transducer, and a
is the mean radius of the scatters [2]. Therefore, according to grain
structure, UT in the geometrical region is affected by high
attenuation.

M1 ¼ 8pε2

375r2n3l

 
2
n5l

þ 3
n5s

!
(4)

M2 ¼ 16p2
ε
2

525n6l r
2

(5)

GV ¼ 4p
3
R
3
an (6)

where ε is an anisotropy factor of the single crystal defined as:

ε ¼ C11 � C12 � 2C44 (7)

where C11, C12 and C44 are elastic constants of the materials.
To investigate the effect of the grain size on the ultrasound

testing, we must model the microstructure of the major compo-

Table 4
Surface geometry indication (SGI) test results.

EDM Notch A B C D F G J M

Detection Detect Detect Detect Detect Detect Detect Detect Detect

Depth sizing (mm)* Actual 4.3 4.2 4.2 4.2 1.7 1.7 1.8 1.7
Measured by TOFD 4.2 4.6 4.7 4.0 2.7 1.3 2.7 1.3

Length sizing (mm)** Actuale 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Measured by TOFD 11.0 11.0 11.0 13.5 12.5 7.1 8.0 11.0

Note) In order to verify the RMS(depth, length) of ASME Section XI Appendix VIII, compared between actual dimension of inserted EDMNotches and measured value by TOFD.
* Depth Sizing RMS: 3 mm.

** Length Sizing RMS: 11 mm.

Fig. 8. (A and B) Scan display images of penetration tube indication (PTI) time-of-flight
diffraction (TOFD) signal.

Fig. 9. Schematic diagram for fabrication of microstructure test sample.

Fig. 10. Microstructures of non-penetration tube indication (PTI) positions.
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nents in power plants. In general grains, as shown in Fig.13, the size
of the grain was in a range of 20e50 mm.

In order to describe the geometry of a grain boundary, the
Voronoi method is used to generate the grain pattern [3,5,6]. The
coordinates of the generating points are generated by a random
number generator of MATLAB. Fig. 14 shows a typical grain pattern
with different average grain sizes generated using the Voronoi
method. Also, the elongated grain structure and the grain structure

of the heat affected zone in dissimilar metal welds, as shown in
Fig. 15, can be generated using the Voronoi method.

Nozzles in power plants are composed of anisotropic materials
that include coarse grains. Grain noises are affected by the metal-
lurgical parameters such as the grain size, voids, precipitates, and
grain orientation [7e9]. Among these, the grain size is the major
source of noises in acquired ultrasonic signals. Therefore, using FEM
software, we simulated ultrasonic attenuation for different sizes of
grains and different levels of backscattering noise. For attenuation,
we used the energy of the backscattered signals, derived using Eq.
(8), because the energy of the backscattering noise and the atten-
uation have a proportional relationship:

E ¼
Z
l

P2dl (8)

where P is the backscattering amplitude of the transducer in the
grain boundaries. Fig. 16 provides a schematic diagram for the
prediction of the backscattering noise and the calculated sound
energy. First, we used a plane wave to simulate the ultrasound
beam field and calculated the sound pressure along the surface line.
Then, using Eq. (8), we calculated the sound energy at the surface.
Using the pressure acoustic model, the calculations were carried
out using the finite element modeling software COMSOL Multi-
physics (COMSOL, Stockholm, Sweden). Fig. 17 shows the ultrasonic
beam propagation at a grain size of 25 mm. As shown in Fig. 17, due
to the grain boundaries, there are backscattering noises during
ultrasonic beam propagation.

Fig. 18 shows the sound pressure acquired along the surface ac-
cording to the variation of the grain size. As shown in Fig.18,with the
increase of the average grain size, the intensity of scattered waves
from the grain boundaries increases. Fig. 19 shows simulated back-
scattered A-scan signals from grain boundaries. The peak to peak
amplitude values of the backscattering signals for 25 mm, 50 mm, and
100 mm are 0.0448, 0.135, and 0.236, respectively. From Fig. 19, we
can calculate the energy of the backscattering noise using Eq. (8).

Fig. 20 shows the calculated sound energy according to the
variation of the grain size. As shown in Fig. 20, sound energy in-
creases with the increase of the grain size. Thus, grain size and
attenuation have a parabolic relationship when grain size is in the
Rayleigh region or the stochastic region.

The main reason for the pseudo signals in the alloy 600 spec-
imens is the coarse grains in the TOFD testing. We simulated the
ultrasonic scattering signals with coarse grains in this section.
Fig. 21A shows the ultrasonic sound field when an incident wave is
propagated through coarse grains; one can see that the ultrasonic
beam is distorted by the coarse grains. Fig. 21B shows the scat-
tering sound field after an ultrasound wave passes through coarse
grains.

Fig. 22 shows simulation results for the A-scan signal from the
center of the 1.2 mm domain of the x-axis and at a 0.2 mm in-
terval. The TOFD B-scan image is also simulated from the A-scan
data shown in Fig. 23. Pseudo signals were obtained when a flaw

Fig. 11. Microstructures of penetration tube indication (PTI) positions.

Fig. 12. Grain scattering induced attenuation in polycrystalline iron as function of
frequency [4].

Fig. 13. Microstructure of specimens.
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Fig. 14. Modeled grain structure with different average grain sizes. (A) 25 mm average grain size. (B) 100 mm average grain size.

Fig. 15. Modeled grain structures. (A) Modeled grain structure of heat affected zone in dissimilar metal welds. (B) Modeled grain structure of elongated grain structure.

Fig. 16. Simulation procedures for prediction of ultrasonic attenuation. (A) Sound field radiated by time domain. (B) Backscattering noise.
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was detected in the alloy material by UT. As shown in Fig. 24,
coarse grains can produce flaws like pseudo images in the TOFD
testing.

4. Results and discussion

After installation of the penetration tube in the reactor vessel
head (RVH), J-groove welding is performed. During the solidifica-
tion process, shrinkage of the inner side penetration tube can occur,

especially at the inner side of an asymmetrical geometry region
such as the RV upper head J-groove weld area. These kinds of
shrinkage on the inner side of a penetration tube may be caused by
a difference of amounts of welding metal between the uphill and
downhill sides. Fig. 25 shows the weld shrinkage process that can
occur in the J-groove welding area.

Therefore, an investigation was performed to determine the
effects on flaw evaluation according to the changes of the inner
surface geometry, such as weld shrinkage.

From the experimental investigation results, the determination
of a correlation factor and/or the use of a calibration process are
found to be necessary to improve the defect sizing accuracy and to
formulate accurate acceptance criteria.

Fig. 17. Propagation of ultrasonic beam fields. (A) 0.017 ms. (B) 0.08 ms. (C) 0.13 ms. (D) 0.2 ms.

Fig. 18. Ultrasonic beam propagation noise with various grain sizes. (A) 25 mm. (B) 50 mm. (D) 100 mm.

Fig. 19. Ultrasonic backscattering noise according to grain size.

Fig. 20. Calculated sound energy with various grain sizes.
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Fig. 21. Ultrasonic propagation in coarse grain. (A) 0.4 ms.(B) 0.75 ms.

Fig. 22. Simulation procedure for prediction of time-of-flight diffraction (TOFD) B-scan image.
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Based on the experimental results, all inner and outer notches
were clearly detected, although the mock-up was found to have
weld shrinkage of the inside penetration tube and variable depth
and direction of the EDM notches. In addition, TOFD shows a high
sensitivity for detection and excellent detection capability for the
diffracted tip signal of a flaw, regardless of any surface variation.

As can be seen in Table 4 (depth sizing), the deviation between
the location of actual notches and the values measured by TOFD is

e0.2 ~ þ0.5 mm for the 25% T notches (A, B, C, D) and
e0.4 mm ~þ1.0 mm for the 10% T notches (F, G, J, M). This deviation
is less than 3.2 mm, the RMS value specified in ASME Section XI
appendix VIII (PD), which means that the measurement results
meet the RMS of the ASME code depth sizing requirement. How-
ever, because lateral waves pass more frequently through the
changed surface area than they do through the normal area, the

Fig. 23. Time-of-flight diffraction (TOFD) A-scan signal.

Fig. 24. Time-of-flight diffraction (TOFD) B-scan image of simulation.
Fig. 25. Schematic diagram of shrinkage behavior during J-groove welding.
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sizing results for the ID notches show relatively large deviation
compared to the outside notches. Therefore, lateral waves lead to a
relatively large fluctuation compared to back-wall waves. Thus,
depth sizing for ID notches on the near inside surface leads to a
relatively large variation compared to the real values. From these
results, indications (from the weld area of tube outside) that are
found at Pre-Service Inspection (PSI)/ In-Service Inspection (ISI) can
be evaluated without correction for the SGI phenomenon that re-
sults from surface shape change.

The material of the penetration tube is a forged SB-166 N06690
bar (round bar) installed on RVH after the drilling of a deep hole. It
is difficult to control the microstructure, such as grain boundary
size, of a hot material in an alloy 690 tube. Therefore, even the
chemical components are homogenized in the final product, and
the grain size may be locally different. In addition, the area inwhich
recrystallization is found to occur due to differences of the grain
size at high temperature is known to have a high potential for
forming localized coarse grains.

Generally, TOFD is used to separate transducers for transmission
and reception; this process relies on ultrasonic scattering, which is
known as a diffraction phenomenon that occurs from the edges of
cracks via crack tip diffraction signals.

In the experimental results shown in Figs. 8 and 11, it can be
seen that the coarse grains in the penetration tube are one of the
main reasons for NPTI during TOFD inspection. Thus, if there are
coarse grains in the testing penetration tube, it may be difficult to
discriminate coarse grain indications from flaw indications. To
address this difficult problem, we used FEM simulation signals and
ultrasonic scattering signals to investigate with a variety of grain
sizes. Ultrasonic signals are affected by grains. The grain size can be
concluded to be the main source of increasing noise in ultrasonic
signals. From the simulation results, the signals (noise) from coarse
grains show amplitudes similar to those of holes side-drilled to a
few mm. Thus, these results show that coarse grains have a small
influence on inspection signals.

5. Conclusion

To investigate the effect of surface shape on TOFD inspection,
detection and evaluation of EDM notches with 10% and 25% depth
of tube thickness, located in surface shrinkage areas in the SGI
mock-up, were performed. From the experimental based investi-
gation, the TOFD inspection method with the same conditions of
PSI and ISI was found to be able to detect both axial and circum-
ferential notches of 10% and 25% depth; length and depth
evaluation results of the notches also meet the requirements of

performance demonstration initiative, without need for correction
for the SGI phenomenon that results from surface shape change.

Also in this paper, using metallurgical analysis and FEM simu-
lation, nonregular TOFD signals acquired from coarse grains in the
PTI mock-up were investigated. TOFD signals and B-scan images
scattered from abnormally grown coarse grains could be classified
as PWSCC. However, these nonregular TOFD signal/images from
coarse grains, located inside of the tubematerials, not at the surface
areas, are simple parabolic images; this is in contrast to the typical
crack tip-tree images. Thus, we were able to confirm that it is
possible to clearly discriminate between coarse grain signals and
PWSCC signals in B-scan display.

The results obtained in this study can provide a kind of guideline
for the evaluation of TOFD inspection signals and/or B-scan images
acquired from J-weld areas of alloy 690 penetration tubes in RVH.

Conflicts of interest

All authors have no conflicts of interest to declare.

Acknowledgments

This work was supported by the Korea Foundation of Nuclear
Safety (KoFONS-1703003-0117-SB 110) grant funded by the Korean
government (Nuclear Safety and Security Commission).

References

[1] ASME B&PV Code Committee, Code Case N-729e1, Alternative Examination
Requirements for PWR Reactor Vessel Upper Heads with Nozzles Having
Pressure-Retaining Partial-Penetration Welds, ASME, 2006.

[2] S.S. Hwang, Review of PWSCC and mitigation management strategies of Alloy
600 materials of PWRs, J. Nucl. Mater. 443 (2013) 321e330.

[3] M. Nygårds, P. Gudmundson, Three-dimensional periodic Voronoi grain models
and micromechanical FE-simulations of a two-phase steel, Computat. Mater.
Sci. 24 (2002) 513e519.

[4] F. Zeng, S.R. Agnew, B. Raeisinia, G.R. Myneni, Ultrasonic attenuation due to
grain boundary scattering in pure niobium, J. Nondestruct. Eval. 29 (2010)
93e103.

[5] S. Vern�ede, M. Rappaz, A simple and efficient model for mesoscale solidification
simulation of globular grain structures,, Acta Mater. 55 (2007) 1703e1710.

[6] O. Ito, E.R. Fuller, Computer modelling of anisotropic grain microstructure in
two dimensions, Acta Metall. Mater. 41 (1993) 191e198.

[7] L. Vergara-Dominguez, J.M. Paez-Borrallo, Backscattering grain noise modelling
in ultrasonic non-destructive testing, Waves Random Media 1 (1991) 81e92.

[8] F.J. Margetan, L. Yu, R.B. Thompson, Computation of grain-noise scattering co-
efficients for ultrasonic pitch/catch inspections of metals, Review of Progress in
Quantitative Nondestructive Evaluation 760 (2005) 1300e1307.

[9] H.H. Kim, H.J. Kim, S.J. Song, B.S. Lim, K.C. Kim, Assessment of precipitates of
isothermal aged austenitic stainless steel using measurement techniques of
ultrasonic attenuation, J. Mech. Sci. Tech. 28 (2014) 3021e3026.

K. Kim et al. / Nuclear Engineering and Technology 49 (2017) 1524e15361536

http://refhub.elsevier.com/S1738-5733(17)30529-6/sref1
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref1
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref1
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref1
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref1
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref2
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref2
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref2
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref3
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref3
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref3
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref3
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref4
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref4
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref4
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref4
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref5
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref5
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref5
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref5
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref6
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref6
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref6
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref7
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref7
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref7
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref8
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref8
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref8
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref8
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref9
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref9
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref9
http://refhub.elsevier.com/S1738-5733(17)30529-6/sref9

