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Abstract

This article provides results from an assessment of low-frequency phased array ultrasonic
testing (PAUT) for detection of inside surface-breaking defects in dissimilar metal welds (DMW),
centrifugally cast stainless steel (CCSS) and reactor internal pump (RIP) piping segments as
applied from outer surface of the components. The evaluated specimens are typical of
configurations installed in pressurized water reactors (PWRs) or advanced boiling water reactors
(ABWRS). The coarse-grained and anisotropic microstructure of CCSS material makes it
difficult to inspect such components. Similar inspection problems exist for dissimilar metal
welds. The large grains of these materials strongly affect the propagation of ultrasound by
causing severe attenuation, change in velocity, and scattering of ultrasonic energy.

In this work, the effectiveness and reliability of advanced transmitter receiver L-waves
phased array (TRLPA) technique on cast gainless steel material and other coarse-grained
components that encompass dissimilar metal welds, ferrite piping with corrosion-resistant
cladding and austenitic piping are determined. The results indicate that the TRLPA technique
isreliable on these materials.
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1. Introduction

Dissimilar metal welds which the reactor pressure vessel (RPV) nozzles of low alloy carbon
steel and the piping of cast or forged stainless steel are commonly used as part of reactor coolant
system (RCS) piping in nuclear plants. In addition, to prohibit from carbon precipitation,
stainless steel or Ni-based alloy bufferin? is deposited on the face of the nozzle weld preparation
end before welding with the safe-end*?. Among the weld, cast stainless steel (CSS) is
susceptible to thermal fatigue cracks because of toughness reduction under long term exposure to
light water reactor (LWR) operation temperatures?. Moreover, differences in mechanical
properties such as thermal expansion coefficients, Youngs modulus, metallurgical grain size and
orientation, hardness, resistance to fatigue failure, etc., make these welds highly susceptible to
crack initiation caused by high residual stresses, inter-granular stress corrosion cracking, or other
mechanisms™!. In Oct. 2000, an axial through-wall crack along with a small circumferential
crack was discovered on the A hot leg nozzle of V. C. Summer Nuclear Station in the USH.
The axial crack was located in the weld between the RCS piping and the vessel nozzle and the
circumferential crack was found shallow and located at the inside surface of the weld. In Sep.
2007, while performing shot peening to reduce residual stress at Mihama 2, KANSAI, significant
indications at 13 locations were identified on the inlet nozzle weld of Steam Generator by eddy
current testing (ECT) method®. Even more cracks were found, again by ECT, at the inlet
nozzle weld of three steam generators at Takahama 2, KANSAI in Dec. 2007,
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Ultrasonic Testing (UT) is normally a preferred method for weld inspections from outer
surface. However, the performances of ultrasonic inspections for CSS materials are degraded
because of their coarse grain structure, which leads to atenuation losses and scattering noise ",
The examination of dissimilar metal welds in the nozzle-to-safe end joints of nuclear power
plants are aso challenging due to the anisotropic nature of the austenitic weld metal and the
complexity of joint configurations. Conventional UT techniques are less applicable on these
materials because the commonly very low signal-to-noise ratio (SNR) achieved. To overcome
these difficulties, specific transmitter receiver L-waves (TRL) ultrasonic probes have been
developed, presenting focused low frequency compression waves”. Advanced TRLPA
design is a combination using the versatility offered by the phased array technology with the
intrinsic advantages of low-frequency TRL transducers’®*?. This new TRLPA probe with

piezo-composite design allows excellent examination performance, improved SNR and sizing

capability for dissimilar metal welds and centrifugal-cast stainless steel™*®.  This study used
the novel TRLPA probes to evaluate the inspection ability of such mock-up components, and to
determine the effectiveness and reliability of this TRLPA technique on these materials.

2. Mock-up samples

Samples of DMW, CCSS and RIP with side drilled holes (SDHs), Notches and artificial weld
flawswere used in thisstudy. The materials and dimensions of the DMW sample are illustrated
in Figure 1. The materials for nozzle and pipe are SA-508 class 2 and SA-182 G316
respectively. Both the materials of buttering and weld are Inconel ENi CrFe-3. There are
artificial notches (circumferential and axial) and simulated cracks (Ci, Cy, Cs, C4, Cs, A1, A2)
within DMW sample. Flaws are properly located at nozzle and pipe side. The relevant
explanation of the design is depicted in Figure 2.

A cast material sample is made of centrifugally-cast stainless steel (material: SA351 Gr.
CF8M, dimensions. ID=787mm, T=66mm). As shown in Figure 3, the CCSS sample contains
artificial defects, including SDHs and Notches. The diameter of SDHs are 4.8mm, and the
depth of notches are 6.6mm. Figure 4 shows the cross-sectional macrograph of the specimen.
The large columnar grains are approximately normal to the surface, centimetersin size.

RIP sample (ID=235mm, T=38mm) is made of SA-508 class 3 pipe forging with ERNiCr-3
buttering/weld and stainless steel (USB 309 NbL+ USB308 NbL) clad. The sample contains
SDHSs (¢ 3.2mm) and Notches (LxD=50.8mmx0.5mm, 50.8mmx0.7mm and 50.8mmx10.5mm)
in the weld and pipe regions respectively as shown in Figure 5.
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Figurel. Materials and dimensions of the DMW
sample.
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Flaw No. Depth Type Location
C. 10%T Circ. Pipe
C 23%T, 10% Circ. Pipe
(% 8%T Circ. Buttering
C, 25%T Circ. Buttering
Cs 17%T Circ. Nozzle
A, 12%T Axial Pipe
A, 15%T Axial Buttering
Notches 5.8mm Circ/Axia Pipe/Nozzle

Figure 2. Cracks and notches in the DMW sample.
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Figure 3. Artificial defects in the CCSS
sample.

Figure 4. Polished and chemically etched
surface, showing columnar (outer) and
equiaxed grains in centrifugally cast
stainless steel.
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Figure5. Artificial defectsin the RIP sample.

3. Equipments

The instrument used in this study was Zetec phased array system which was controlled
through network line by notebook computer. The probes used for DMW, CCSS and RIP
samples ingpection consist of 1.0MHz/1.5MHz, 2D matrix arrays based on piezo-composite
active elements placed on separate rexolite wedges. The dua 2D arrays are molded into afixed
assembly, and are used in TR type configuration. Figure 6 shows two TRLPA probes with
contoured wedges. One is for circumferential flaws; the other is for axial flaw.

UT data acquisition was performed with Zetec PA system and AEAT MIMIC automated
scanner with encoders as shown in Figure 7. Encoder signal was connected to the phased array
instrument and water coupling by an automatic pump was used. Advanced Calculator software
was used to produce delay laws of the phased array probes.

Figure 6. Imasonic 1.5MHz dual 2D arrays Figure 7. Integrated automatic scanner for
TRLPA probes used for circumferential and phased array ultrasonic inspection of DMW
axial flaws. sample, including water coupling.
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4. Results
4.1 DMW sample

Results of DMW sample inspection with 1.0 MHz TRLPAlpes are shown in Table 1.
All cracks were detected from both sides, at least fsomside with a SNRL2dB.  Axial crack

Az could be identified easily with focal laws from 28°~43° ¢/in Figure 8. Image of flaw C

located in pipe side, shows very good S/N ratio asgaré 9. Crack length was sized by 6 dB
amplitude drop method. Compared with the actual flaw, sihe measured length of
circumferential notches @:and Nyi¢ and circumferential cracks show slightly over-gizas in
Table 1.

As for the flaw depth sizing, tip diffraction method wesed to determine the through-wall
dimension of the planar surface breaking flaws (not@wres cracks) whenever tip diffraction
signals could be clearly resolved on the volume cteteB-scan and/or D-scan image. Clear
tip diffraction signals can be observed on both tlaehmed notches and the cracks for the focal
laws between 25°~ 60° LW. The through-wall sizing erras vss than 1.5mm in all cases.

Table 1. PAUT results of DMW sample

Flaw No. Type Location L H Detection (SNR) L-6dB |[Hmeas., ESL | ESH
(mm)| (mm) | From Pipe From Nozzlg (mm) | (mm) [ (mm) | (mm)
(dB) (dB)

Npie | Notch (circ.)| Pipe 53.8| 5.8 24 NA 60.1 6.6 6.3 0.8

Nnie | Notch (circ.)| Nozzle | 54.1| 5.8 NA 14 62.0 4.4 79 -14

C, Crack (circ.)| Pipe 50.8| 7.9 13 9 62.1 8.0 1.3 0.1

Cs Crack (circ.)| Buttering| 45.7| 6.3 12 10 48.0 6.7 2.3 0.4

Cs Crack (circ.)| Nozzle | 40.6| 13.4 11 17 48.1 14.y 7.5 1.3

A, Crack (axial) Buttering| 30.5| 11.9 14 18 30.0 10.8 0.5  -1.1
Figure 8. Image of axial flawAocated in Figure 9. Image of circumferential flaw C
buttering, inspected with TRLPA probe by usinigcated in pipe side, obtained with TRLPA probe.
28°~43 LW law. The two components of the flaw can be clearly

distinguished.

-5-



