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a b s t r a c t

The Korea Institute of Nuclear Safety, as a representative organization of Korea, in

February 2012 participated in an international Program to Assess the Reliability of

Emerging Nondestructive Techniques initiated by the U.S. Nuclear Regulatory Commission.

The goal of the Program to Assess the Reliability of Emerging Nondestructive Techniques is

to investigate the performance of emerging and prospective novel nondestructive tech-

niques to find flaws in nickel-alloy welds and base materials. In this article, Korean round-

robin test results were evaluated with respect to the test blocks and various nondestructive

examination techniques. The test blocks were prepared to simulate large-bore dissimilar

metal welds, small-bore dissimilar metal welds, and bottom-mounted instrumentation

penetration welds in nuclear power plants. Also, lessons learned from the Korean round-

robin test were summarized and discussed.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The U.S. Nuclear Regulatory Commission has established the

Program to Assess the Reliability of Emerging Nondestructive

Techniques (PARENT), whose goal is to investigate the per-

formance of current emerging and prospective novel nonde-

structive examination (NDE) procedures and techniques to

find flaws in nickel-alloy welds and base materials of light

water reactor components [1]. This is done by conducting a

series of open and blind international round-robin tests (RRTs)

on a set of piping components that include large-bore dis-

similar metal welds (LBDMW), small-bore dissimilar metal

welds (SBDMW), and bottom-mounted instrumentation (BMI)

penetration welds. It is known that these dissimilar-metal

nickel-alloy weld joints are susceptible to stress corrosion

cracking (SCC), a phenomenon that initiates at the weld/

coolantewater interface. This cracking in dissimilar-metal

welds (DMWs) has been referred to as primary water SCC

(PWSCC) and interdendritic SCC (IDSCC). PWSCC/IDSCC

cracks are very tight and can exhibit complex branching. This

morphology combined with the complex weld/component

configurations and materials and geometries can make it

challenging to achieve reliable detection and sizing by NDE

methods. PWSCC has occurred in nuclear power plants (NPPs)

throughout the world and is an important issue in regards to

the safe and reliable operation of NPPs.
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The PARENT is a follow-on to the Program for Inspection of

Nickel Alloy Components (PINC) [2] based on the Bilateral In-

ternational Agreements with participants and the in-kind

contribution of resources from organizations in Finland,

Japan, the Republic of Korea, Sweden, and the USA, to eval-

uate several nondestructive techniques for the detection and

characterization of PWSCC in SBDMWs and BMI components.

In February 2012, the Nuclear Regulatory Commission

executed new agreements with the VTT Technical Research

Centre of Finland, the Nuclear Regulatory Authority of Japan

(formerly known as JNES), Korea Institute of Nuclear Safety,

Swedish Radiation Safety Authority, and Swiss Federal Nu-

clear Safety Inspectorate to establish PARENT to conduct a

series of RRTs on SBDMWs, BMIs, and LBDMWs.

The PARENT was divided into blind and open testing por-

tions, whose objectives are described below:

Blind RRT: The objective of the blind testing is to evaluate

the latest commercially employed NDE inspection techniques

to estimate the performance in detecting and accurately

sizing PWSCC/IDSCC in SBDMWs, LBDMWs, and BMIs. Only

qualified inspectors and qualified procedures participated in

the blind testing.

Open RRT: The objective of the open testing is to evaluate

novel and emerging NDE inspection techniques to determine

which ones show the most promise for inspecting SBDMWs,

LBDMWs, and BMIs. The tests are designed to determine how

a variety of advanced techniques being developed by univer-

sities and new techniques being developed by industry

respond to realistically simulated PWSCC in components that

have realistic geometries.

Difference between PINC and PARENT: PINC program did

not consider large-bore DMW specimens. However, PARENT

programs included LBDMW specimens and various emerging

NDE techniques in Open RRT.

Final reports for PARENT blind and open testing are

anticipated to be published in the final quarter of 2016. This

Fig. 1 e Representations of types of test blocks used in PARENT open testing. BMI, bottom-mounted instrumentation;

LBDMW, large-bore dissimilar metal welds; SBDMW, small-bore dissimilar metal welds; SBDMW-FB, small-bore dissimilar

metal welds flat bar.
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paper provides an overview of the Korean open testing por-

tions. Seven Korean RRT teams participated in the open RRT.

The test blocks and NDE techniques were introduced, and

lessons learned from RRT were discussed and summarized.

Finally, the paper concludes with a discussion on future ef-

forts and some conclusions from the Korean open RRT results.

2. Materials and methods

2.1. Parent test blocks

Open testing blocks of PARENT include BMI nozzle test

blocks and DMW test blocks. Test blocks contained a

Table 1 e Specimen used for Korean open round-robin
test teams.

ID Type of mock-up Flaw type

P4 SBDMW Thermal fatigue cracks

P5 BMI Thermal fatigue cracks

P28 SBDMW Laboratory-grown SCC

P29 SBDMW Laboratory-grown SCC

P30 SBDMW Mechanical fatigue cracks

P31 SBDMW Laboratory-grown SCC

P32 SBDMW Laboratory-grown SCC

P38 SBDMW Laboratory-grown SCC

BMI, bottom-mounted instrumentation; ID, identification; SBDMW,

small-bore dissimilar metal welds; SCC, stress corrosion cracking.

Fig. 2 e Resonance frequency shift in a compact tension specimen in the (A) early stage of crack initiation and (B) a compact

tension specimen with crack length of 7.0 mm. PZT, lead zirconate titanate.
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variety of simulated flaws including laboratory-grown SCC,

thermal fatigue cracks, weld solidification cracks, welding

defects, and electrical discharge machining notches. An

overview of open test blocks and the techniques applied in

open testing has been presented by Prokofiev et al. [3] In-

formation for flaw true state of each test block were docu-

mented on test block drawings made in the flaw fabrication

process, by the fingerprinting of test blocks, and by the

destructive analysis of a few test blocks. A total of 19 test

blocks contributed to the open testing. Representations of

the types of test blocks employed in open testing are shown

in Fig. 1 and Table 1.

2.2. Korean PARENT NDE technique

All of the open testing examinations were conducted by

government research institutes and university teams using

Technical Description. Therefore, open testing included

inspections by unqualified teams and procedures. A great

diversity of techniques was employed in terms of type,

maturity, and capability in the open testing. A detailed

summary of Korean techniques employed in open testing

was introduced. Seven Korean open RRT teams used

nonlinear resonant ultrasound spectroscopy (NRUS), pulsed

excitation eddy current technique (PE-ECT), ultrasonic

infrared thermography technique (UIRT), flexible phased

array (FPA) technique, guided ultrasonic wave (GUW), long-

range inspection technique, time reversal technique (TRT),

and higher harmonic ultrasonic technique (HHUT). First,

NRUS is an acoustic technique, in which material charac-

terization or damage assessment is based on the observa-

tion of nonlinear acoustic/ultrasonic responses. With

NRUS, signals are applied to specimens over a wide fre-

quency sweep to observe material nonlinearity as a result

of damage manifested as a shift in resonant frequency and

damping of the resonant peak amplitude as the excitation

signal amplitude increases. An illustration of this for cyclic

fatigue crack growth in a compact tension is shown in

Fig. 2.

The PE-ECT is one kind of the eddy current technique that

relies on low duty cycle pulse excitations [4]. This contrasts

with most ECT concepts, which are based on continuous si-

nusoidal wave excitation at a single frequency (Fig. 3). The low

duty cycle pulse results in a wide frequency band excitation

field that allows deeper penetration into a test component

Fig. 3 e Comparison of pulsed excitation for pulsed excitation-eddy current technique (right) to continuous sine-wave

excitation for conventional eddy current technique (left) and illustration of the frequency spectrum associated with each

type of excitation source. f, frequency; t, time.

Fig. 4 e Illustration of the ultrasonic infrared thermography

technique concept. IR, infrared.
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owing to the lower frequency components (up to 30 mm) [5].

The penetration depth can be tuned by changing the duty

cycle of these pulses, with wider pulses containing stronger

low-frequency components [6]. Besides the ability to pene-

trate significant depth, PE-ECT has other advantages over

conventional ECT techniques, such as lower power con-

sumption and the ability to generate a richer set of data.

However, the instrumentation used to drive pulsed sources

can be more complex than for a conventional ECT system. In

addition, the interpretation of PE-ECT signals can require

considerable expertise.

The UIRT is based on the detection of thermal energy

generated when elastic energy is absorbed by a defect and

converted to thermal energy through thermos-elastic effects.

An illustration of the general concept is provided in Fig. 4. The

result is an infrared image in the test specimen to which

standard image analysis techniques may be applied to

characterize defects based on temperature differences (Figs. 4

and 5). The main UIRT techniques include pulsed, phase lock-

in, or a combination of both [7,8].

Phased array ultrasonic techniques (PA-UT) have been

gaining increased acceptance for performing in-service in-

spection of NPPs. PA-UT uses a transducer consisting of

multiple piezoelectric or piezocomposite elements. This is in

contrast to conventional UT, which uses transducers with

only a single-element. Electronic beam steering and focusing

is achieved by the careful time delay sequencing of excitation

signals to the individual elements in the PA-UT transducers to

create complex constructive and destructive interference

patterns to intensify the sound field in a desired location

(Fig. 6). PA-UT data is often presented in A-scan, B-scan, C-

scan, and D-scan image form for analysis. In this way, the

linear dimensions of a flaw are characterized based on image

analysis.

GUW refers to an emerging class of techniques based on

the propagation of low frequency acoustic/ultrasonic signals

through materials. Analogous to the propagation of electro-

magnetic waves in bounded media, guided ultrasonic waves

are formed when the dimensions of the test material and

wavelength are on a similar order of magnitude or when the

dimensions of the test material are much less than the

wavelength of the probing acoustic/ultrasonic energy. In this

regime, the interactions of the waves with material bound-

aries is very significant and the multiple reflecting waves

constructively and destructively interfere in such a way that

new modes of propagation are generated with a velocity that

is dependent on component geometry, dimensions, and fre-

quency (Fig. 7). This is in contrast to bulk ultrasonic wave

propagation in which only twomodes (longitudinal and shear)

propagate through materials with a velocity that is indepen-

dent of the component geometry, dimensions, and frequency.

The topic of GUW is treated in multiple textbooks including

the book by Rose (1999) [9].

Fig. 5 e Ultrasonic infrared thermography technique image

of a test specimen with crack.

Fig. 6 e Illustration of time delay sequencing of excitation of phased array (PA) ultrasonic techniques transducer elements to

achieve beam steering and focusing.
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The time reversal technique (TRT) is a means for trans-

mitting electronically-focused ultrasonic energy even

through nonhomogenous media [10,11]. TRT is an iterative

technique in which the reflection of ultrasonic energy from

a target is interpreted as the emission of a weak ultrasonic

signal from the target, which is detected by an array

transducer. Under this interpretation, the target acts as a

localized source and the sound field spreads as it propagates

away from the target towards the array transducer. After

digitization and recording of the signals at the transducer,

they are time reversed and re-transmitted to generate a

sound field that becomes more focused as it travels from the

array transducer back to the target (Fig. 8). A significant

advantage of TRT is its ability to adaptively focus in

nonhomogeneous media. In contrast to Synthetic Aperture

Focusing Technique (SAFT), knowledge of the actual path

that ultrasonic signals travel through the test material is not

required. However, in comparison to conventional UT, TRT

requires more sophisticated equipment and expertise for

data recording and processing.

The HHUT for crack detection is based on the phenomenon

of the contact acoustic nonlinearity. The contact acoustic

nonlinearity effect is the phenomenon that generates the

harmonic frequency components owing to: (1) the crack being

temporarily closed and opened; or (2) the nonlinear pressure-

displacement relation at the contact interface when ultra-

sonic waves encounter the imperfect interfaces, as shown in

Fig. 9. As a result, the waveform of acoustic waves becomes

distorted and the higher harmonic frequency components are

generated in the transmitted wave or in the reflected wave

from the crack. The magnitude of the harmonic frequency

component depends on the crack opening distance or the

contact stiffness of crack interfaces.

It is possible to detect closed cracks by monitoring the

magnitude of the higher harmonic frequency component

generated in the transmitted or the reflected wave. Usually,

considering up to the second order nonlinearity, the relative

nonlinear parameter (b0) defined by the ration of the second

order harmonic frequency magnitude to the power of the

fundamental frequency magnitude is used as the monitoring

parameter, which is convenient for the relative evaluation

[12, 13].

Motivations for exploring many of the NDE techniques in

open testing can be characterized as addressing one or more

of the following challenges: (1) to more accurately charac-

terize large defects; (2) to enable inspections of difficult-to-

access regions; and (3) to improve the detectability of small

defects. Moreover, the techniques employed in open testing

can largely be associated with one of two categories: (1) pro-

spective techniques or novel techniques that represent an

incremental advancement of established techniques

currently deployed in the field; and (ii) novel techniques that

are significantly different to any technique that has been field-

deployed.

Fig. 7 e Illustration of guided ultrasonic wave formation and propagation in test material.

Fig. 8 e Illustration of the time reversal technique concept for focusing ultrasonic energy.
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2.3. Korean open RRT result

The Korean PARENT RRT results are summarized in this

section. First, the NRUS technique was applied to three

mock-ups (P28, P29, and P30). For two of the mock-ups, there

was little shift in resonant frequency, but for one mock-up,

there was no shift in resonant frequency. The shift is very

small so it is hard to use for the sizing of cracks. Further

research is required to quantize the relation between the

shift and the size of cracks. Secondly, the nondestructive

evaluation using PE-ECT to detect the subsurface crack

under the thick plate was performed on the three mock-ups

(P28, P29, and P30). The PE-ECT amplitude measured in the

ferromagnetic part is higher than that of the nonmagnetic

and defective part. It is not certain that the decrements of

amplitude are attributed to the nonmagnetic or defective

part. Further research is required to catch the amplitude

change comes from nonmagnetic or defective part. Thirdly,

the FPA technique is now under development. Therefore,

the curved transducer is used instead of the FPA transducer.

This curved transducer technique has been used for com-

mercial use. Further research is required in order to apply

for RRT. Fourthly, the UIRT technique was applied to six

mock-ups (P28, P29, P30, P31, P32, and P38) and showed good

detection rates (Fig. 10). Also, the sizing result shows a

relatively good relationship with real crack sizes, but it

needs further studies to measure the crack size precisely.

This technique seems to be very effective in the monitoring

of PWSCC. However, with regards to sizing, further research

is required.

Fifthly, the GUW technique was applied to two mock-ups

(P4 and P5), including BMI mock-ups. This technique could

not find PWSCC. As is well known, this surface wave could not

detect the crack inside. Sixthly, the TRT was applied to one

mock-up (P29). Prior to inspection of P29, the experimental

test was performed on the side drill hole (SDH) mock-up

(Fig. 11) to verify the effectiveness of TRT in comparison to

conventional phased array UT. As a result, the improvement

of time delay calculations for the focusing of phased array

ultrasonic beams was obtained. The amplitude of defect sig-

nals increased to 1.6 times the result of conventional phased

array UT as shown in Fig. 12. This technique made the signal-

to-noise ratio increase, and consequentially the defect image

was more clearly reconstructed.

Fig. 13 shows the comparison of defect image of P29 with

SAFT (up) and TRT (bottom). The SAFT is a postprocessing

technique to improve the defect image using the array probe.

The defect image of TRT is more clear than the SAFT result.

Seventhly, HHUT was applied to three mock-ups (P28, P29,

and P30) with the crack in DWM to detect the existence of the

closed crack and measure its depth. Prior to inspection of

three mock-ups, the experimental test was performed to

Fig. 9 e Illustration of higher harmonic generation because of the CAN phenomenon. CAN, contact acoustic nonlinearity;

COD, crack opening distance.

Fig. 10 e Detected crack by ultrasonic infrared thermography technique.
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verify the effectiveness of HHUT. The experimental test was

conducted using the compact tension specimen of Al6061

material as shown in Fig. 14.

The magnitudes of the fundamental frequency and the

second harmonic frequency at different measuring positions

along the crack direction from the notch are shown as Fig. 15.

For this, the pulse-echo technique was used. The maximum

magnitude of the fundamental frequency appears at 4 mm,

and the crack length wasmeasured by 6.5 mmby using the 6-

Fig. 12 e Improvement of time delay calculation for focusing phased array ultrasonic beams on the flaw (SDH) in cast

titanium specimen. DORT, decomposition of the time reversal operator; SDH, side drill hole; Tech., technique; TRe,

transducer element.

Fig. 13 e Defect image of Synthetic Aperture Focusing Technique (top) and Time Reversal Technique-ultrasonic technique

(bottom).

Fig. 11 e Mock-up for detection of 0.1-mm SDH in the cast

titanium specimen. SDH, side drill hole.
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dB drop method. However, the second harmonic magnitude

shows the maximum value at 5 mm and keeps the large

value to 9-mm distance, which is close to the real size of the

crack.

The HHUT team tried several scan techniques and found

that the V-scan technique is the most suitable method to

apply the field inspection as shown in Fig. 16.

The schematic diagram of P28 mock-up (left) which is one

of the PARENT mock-ups and inspection result of P28 (right)

using V-scan method are shown in Fig. 17. The absolute flaw

depth shown in the specification is 12 mm. Using the HHUT,

the open crack depth is about 15 mm (blue area) and the

maximum crack depth is 17.3 mm (red area). The red area is

considered to be a closed crack area. The result using HHUT

was evaluated more conservatively than absolute crack depth

in specification.

From this result, the HHUT team will be able to solve the

problem of the conventional ultrasonic technique that is to

underestimate the size of the crack. The conventional ultra-

sonic techniques were only sensitive to the open crack.

Fig. 14 e Defect size and image of compact tension specimen of Al6061 material.

Fig. 15 e Result of crack length using pulse reflection method and nonlinear ultrasound. (A) Magnitude of the fundamental

component. (B) Magnitude of the second harmonic component.

Fig. 16 e V-scan technique for Program to Assess the Reliability of Emerging Nondestructive Techniques mock-ups.

R, receiver; T, transmitter.
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However, HHUT was sensitive to the closed crack. Therefore,

the evaluation method of the length of the crack using the

nonlinear ultrasonic may become an important technique to

verify the integrity of the structure.

3. Results and discussion

In this paper, parts of the open RRT results performed in

South Korea are introduced. The seven NDE techniques were

applied to defective mock-ups and we could evaluate the

effectiveness of the techniques. In particular, UIRT, TRT-UT,

and HHUT showed better results to the DMW test blocks than

the others.

Firstly, NRUS technique was applied to three mock-ups.

For the two mock-ups, there was little shift in resonant

frequency, but for one mock-up, there was no shift in

resonant frequency. Secondly, the nondestructive evalua-

tion using PE-ECT to detect the subsurface crack under the

thick plate was performed on the three mock-ups. The PE-

ECT amplitude measured in the ferromagnetic part is

higher than that of the nonmagnetic and defective part. It is

not certain that the decrements of amplitude are attributed

to the nonmagnetic or defective part. Thirdly, FPA is now

under development. Fourthly, UIRT was applied to the six

mock-ups and showed good detection rates. Fifthly, the

GUW technique was applied to two mock-ups including BMI

mock-ups. This technique could not find PWSCC. Sixthly,

TRT applied to the mock-ups and showed improvement of

time delay for focusing phased array ultrasonic beams.

Seventhly, HHUT was applied to three mock-ups and shows

good detectability and sizing ability. They tried several scan

techniques and found that the V-scan technique is the most

suitable method.

Through the PARENT open RRT, the various NDE tech-

niques are verified and the level of NDE techniques of South

Korea could be identified. This has enabled us to make a

suitable classification according to the type of shape and

defect of inspected mock-ups. The limitation of each NDE

technique and further improvement opportunities were

found. It was a good opportunity to compare the level of NDE

techniques of other countries.

The purpose of PARENT open RRT is as follows: (1) to

more accurately characterize large defects; (2) to enable

inspections of difficult-to-access regions; and (3) to improve

the detectability of small defects. All of the techniques

performed in PARENT open RRT in Korea need further

studies to improve the quantitative sizing and apply to field

inspection.

We are certain that the PARENT project is helpful for

finding defects more quantitatively and for evaluating the

integrity of NPP structure. PARENT members are in the pro-

cess of discussing future priorities and work that can benefit

from the forum for international collaboration that PARENT

provides. Final reports for PARENT are expected to be pub-

lished in the final quarter of 2016. Complete data analysis

results will be presented in the final reports.
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Fig. 17 e The shape of the crack of scanning (red area: closed crack).
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