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FOREWORD

This interim report documents work performed by the Pacific
Northwest Laboratory for the U.S. Nuclear Regulatory Commission
(NRC), Office cf Nuclear Regulatory Research, Division of Engi-
neering Technology. The work was performed as part of an NRC
program, Integration of Nondestructive Examination Reliability
and Fracture Mechanics, NRC FIN B2289. The NRC technical monitor
is Dr. Joseph Muscara.






EXECUTIVE SUMMARY

Weld overlay is used as a short-term repair for boiling
water reactor (BWR) pipe joints that contain intergranular stress
corrosion cracking. This measure was devised to provide a
time period in which long-term solutions could be developed.

One proposed solution being investigated by several organizations
is to use weld overlay as a long-term repair for pipe joints.

Of special interest was the joint effort of the BWR Owners’

Group and the Electric Power Research Institute which is con-
ducting a program to provide an engineering database to demon-
strate the long-term adequacy of a weld overlay repair. Evidence
of effective nondestructive examination is part of the informa-
tion necessary to justify the long-term usage of weld overlay
repaired pipe joints.

In support of the U.S. Nuclear Regulatory Commission (NRC),
the Pacific Northwest Laboratory (PNL) is evaluating the ultra-
soLiC 1nspectability of weld overlaid pipe joints. As part of
this evaluation task, PNL was requested to provide an interim
report to NRC staff with conclusions and recommendations concern-
ing the effectiveness of ultrasonic inspections performed on
weld overlaid joints.

Accordingly, PNL evaluated data from available technical
literature, conducted experiments to determine the distortional
effects of weld overlay on ultrasound, and reviewed data from
the weld overlay inspection development efforts of the Electric
Power Research Institute NDE Center.

As a result of these activities, PNL arrived a*t the conclu-
sions and related recommendations listed below:

1. Conclusion: Shear wave examination of a weld overlaid
pipe joint is neither effective nor reliable.

2. Conclusion: Longitudinal wave probes with ar angle ranging
between 40° and 70°* provide the best results for detecting
deep intergranular stress corrosion cracks, sizing the
length of the detected crack, and sizing the remaining
ligament of the pipe joint. The probes used most success-
fully had peak frequency responses ranging between 1.0
and 4.0 MHz.

Recommendation: Examination of weld overlaid joints should
be performed with longitudinal waves using at least two
different angles ranging between 40° and 70°* and separated
by a difference of 15° (e.g., 45° and 60°).



Recommendation: Inspectors should demonstrate their capa-
bility to detect flaws in weld overlaid joints, because
longitudinal inspection differs significantly from commonly
employed shear-wave techniques.

Conclusion: A limitrd database indicated a strong trend
whe-eby the detection and the sizing of an intergranular
stress corrosion crack of depth greater than 50% through-
wall of the original pipe wall thickness may be reliably
determined. However, until sufficient data is available
to demonstrate technique reliability, the technique shall
be classified as having a low reliability.

Recommendation: Perform additional experiments that add
to the database of correlating ultrasonic measurements
with destructive measurements.

Conclusion: The detection and the sizing of an intergran-
ular stress corrosion crack of depth less than 50% through-
wall of the original pipe wall thickness is not reliable.

Conclusion: The detection or sizing of an intergranular
stress corrosion crack of depth less than 20% through-wall
of the original pipe wall thickness is generally not pos-
sible.

Conclusion: High-angle L-wave (including creeping-wave)
probes were more accurate than L-wave probes ranging be-
tween 40° and 60°® in determining the remaining ligament
associated with intergranular stress corrosion cracks
that extended into the weld overlay material.

Recommendation: High-angle L-wave (including creeping-
wave) probes should be used to estimate the remaining
ligament of intergr ..uar stress corrosion cracks sus-
pected of entering the weld overlay material.

Conclusion: The detection of unacceptable fabrication
flaws contained within the weld overlay has not been demon-
strated to be reliable. The Boiler and Pressure Vessel
Code of the American Society of Mechanical Engineers was
used as the acceptable/unacceptable criterion. However,
the applicability of the Code is not clearly understood,
given the extremely large stress contained within the

weld overlay material.

Conclusion: Surface preparation of the weld overlay is
required to perform meaningful ultrasonic inspections
regarding intergranular stress corrosion cracks and weld
overlay fabrication flaws.

vi



The condition of the overlay surface should meet the fol-
lowing requirements:

* The rms surface roughness must be equal to or less than
250 microinches.

* The surface waviness must be equal to or less than
a 0.060-inch radial deviation from peak to valley
points within a 1.0- by 1.0-square inch surface area.

* All surface variations should not produce a depth vari-
ation having a radius of curvature less than 1 inch.

9. Conclusion: Additional research is needed to resolve the
remaining questions concerning the reliable inspection of
weld overlay repaired pipe joints.

As current research and development programs develop a

more comprehensive engineering database, the conclusions and
recommendations listed abtove may change.
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STATUS OF ACTIVITIES FOR INSPECTING
WELD OVERLAID PIPE JOINTS

1.0 INTRODUCTION

Since 1982, intergranular stress corrosion cracking (IGSCC)
has been detected in the primary recirculation piping of most
boiling water reactors (BWRs) in the United States (Bush et al.
1984). Weld overlay was initially developed as a long-term
remedy (Newell 1984) for repairing BWR piping. However, the in-
ability to reliably inspect the overlaid joint permitted it to
be used as only a short-term repair (Bush et al. 1984). One
proposed long-term solution is to develop a reliable inspection
technique. Of the several resulting programs, the joint effort
of the BWR Owners’ Group and the Electric Power Research Insti-
tute is to provide an engineering database to demonstrate the
long-term adequacy of weld overlay repairs. Evidence of effec-
tive nondestructive examination is part of the information
necessary to justify the long-term use of weld overlay repair.

At the request of the U.S. Nuclear Regulgtory Commission
(NRC), the Pacific Northwest Laboratory (PNL) evaluated the
ultrasonic inspectability of weld overlaid pipe joints. The
scope of PNL's evaluation encompassed a literature survey,
laboratory experiments, and a review of data from related inspec-

tion development efforts under way at the Electric Power Research

Institute (EPRI) NDE Center.

This interim report documents PNL’'s evaluation. Section
2.0 summarizes the literature survey related to the inspection
of weld overlaid pipe joints. Section 3.0 documents the work
performed at PNL to determine the distortional effects of the
weld overlay on ultrasound. Section 4.0 summarizes and analyzes
data resulting from the joint effort of the Electric Power
Research Institute and the BWR Owners’ Group to demonstrate de-
tection and sizing of flaws contained within the weld overlaid
pipe joint. 1In Section 5.0, conclusions and recommendations
based on analyses of these information sources are provided.
Section 6.0 presents PNL’s suggestions for additional work in
chis area.

aOperated for the U.S. Department of Energy by Battelle
Memorial Institute.



2.0 LITERATURE SURVEY

Prior to beginning the experimental phase of weld overlaid
pipe joint inspection, PNL researchers performed a literature
search. The volume of published material on weld overlay inspec-
tion was found to be relatively small. However, reports related
to weld overlay inspection problems have offered good insight
into the inspection of weld overlaid pipe joints. The more
important conclusions from these works are summarized and dis-
cussed in this section.

Beverly and Baker (1984) reported that the vertically
polarized shear wave techniques commonly employed fog inspecting
non-overlaid pipe joints were inadequate for inspecting weld
overlay repaired pipe joints. However, the weld overlay material
used in their study was applied manually and certainly contained
greater inhomogeneity and anisotropy than do the automated
welding techniques typical of most field overlays. For this
reason, shear waves were re-evaluated at PNL on specimens over-
laid by an automated welding procedure.

A blind ultrasonic examination of two weld overlaid pipe
joints was conducted during a weld overlay workshop at Argonne
National Laboratory (ANL) in May 1984. The two 12-inch-diameter
schedule 100 pipe-to-elbow joints that originated from a commer-
cial BWR plant underwent decontamination, penetrant testing,
ultrasonic testing, and destructive examination. Regarding
the correlation of ultrasonic calls to destructive analysis,
"Very few correct calls were made and when cracks were correctly
called, the success was degraded by considerable overcalling”
(Kupperman, Clayton, and Prince 1985). A conclusion from the
workshop was that the ultrasonic techniques used were generally
ineffective in detecting IGSCC contained within weld overlaid
pipe joints. The detection techniques included shear waves
and longitudinal waves. Three significant circumferential
cracks were contained within the pipe joints. The crack depths
were 57%, 22%, and 17% through-wa'l, which included the weld
overlay material. The corresponding crack lengths were 8, 16,
and 8 mm (Shack et al. 1985).

The literature survey also included material from research
related, but not specific to, weld overlay examination. This
reported research pertained to the far-side inspection of au-
stenitic welds and the inspection of cladded components such as
reactor vessels and pipe. These structures contain columnar
grain austenitic material adjoining an isotropic material. A
similar configuration exists for weld overlay (Figure 2.1).
Shear waves were commonly used when attempting to inspect co-
lumnar grain structures. However, the use of longitudinal waves
and/or creeping waves has become popular and has, in most cases,
yielded better results than shear waves when inspecting such
structures (Becker 1982; Edelmann 1981; Gruber 1982; Rogerson
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et al. 1982; Ssaglio et al. 1982; Saitoh and Takahashi 1981;
Taylor et al. 1983; Trumpfheller 1941).

Weld Overlay Material
Undulating With Columnar
Front Surface Grain Structure

Undulating
f Intertaces
o p, .
z i,
Base Matenal Weld Material
Coarse Grain With Columnar
Macro-Isotropic Grain Structure

FIGURE 2.1. Typical Physical Features of a Weld Overlaid Pipe
Joint (Columnar Grain Axis Orientation is Indicated
for Both the Weld Overlay and the Weld).

An article by Ogilvy (1985a) proveg valuable in understand-
ing wave propagation when passing waves through weld material
for inspecting the heat-affected zone (HAZ) on the far side of
the weld (see Figure 2.2). A second paper by Ogilvy (1985b)
outlined propagational paths of the ultrasonic wavefront as it
passed through the weld. This is important because similar wave
behavior for far-side inspection of a HAZ contained within a
weld overlaid pipe joint is expected.

Predicted propagational paths for the three principal
propagation modes at 45° and 60° are illustrated in Figure
2.3. (Each block within Figure 2.3 has a 4.7-inch length and
a 2.0-inch height. The weld-to-base material interfaces are
inclined 30°* from vertical.)

aThe three principal wave modes in isotropic material are
commonly denoted as vertically polarized shear (SV) waves,
horizontally polarized shear (SH) waves, and longitudinal (L)
waves. When dealing with anisotropic material, the terms quasi-
shear or quasi-longitudinal should be used because the particle
motion is generally not perpendicular or parallel to the propa-
gational direction. 1In either case the waves in this report
are respectively denoted by SV, SH, and L.
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a. Far-Side Inspection
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Near-Side Inspection :
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Material

> .
B

b. Near-Side Inspection

FIGURE 2.2. Near- and Far-Side Inspection of a Heat-Affected
Zone on a Weld Overlay Repaired Pipe Joint

In Figure 2.3 [an illustration based on Oglivy'’s work
(1985b) ], the ultrasonic wavefront entered the base material
adjacent to the weld. The wavefront, upon entering the weld,
was incrementally cedirected as determined by the columnar
grain orientation and anisotropic wave behavior. The directional
flow of ultrasonic energy or propagational wave path is indicated
by a ray in eich of the six diagrams. Two significant phenomena
were the range of change in the propagational direction predicted
upon crossing the base-to-weld material interface and the curved
propagational paths associated with the weld material. Cer-
tainly, if a far-side inspection were implemented for weld
overlaid pipe joints, and if the theory were correct, then the
SV waves commonly associated with the inspection of non-overlaid
pipe joints would be much more distorted than either the L
waves or SH waves.
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FIGURE 2.3. Predicted Propagational Paths of L, SV, ana SH
waves from 45° and 60° Probes. Source: Ogilvy
(1985b, pp. 75-76)
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b. L wave beam profile through clad at 5.0 MHz and 45




Z
(Columnar Grain Axis)

angle relative to the columnar




<100 >
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308 SS Weld Metal 304 SS Base Metal

FIGURE 2.6. Energy-Ray Deviation of the Three Principal Wave
Modes as a Function of Angle Relative to the
Columnar Grain Axis in the (110) Plane. Source:
Kupperman et al. (1980, p. 203)

Many inspection techniques were investigated; some performed
very well. A high-angle L-wave probe used in a far-side inspec-
tion performed well for detecting deep IGSCC, determining the
circumferential extent of the detected crack, and determining
the remaining ligament of uncracked material. The significant
conclusions presented in the Center’s draft report are discussed
in Section 4.0 of this report.
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3.0 PNL EXPERIMENTAL STUDIES

For reliable ultrasonic inspections to be performed, passage
of a coherent ultrasonic beam to the area of interest is neces-
sary. This condition ensures a controlled energy flow to the
area of interest. This section documents the studies conducted
by PNL researchers to qualitatively examine the distortional
effects of weld overlay on ultrasonic energy.

To determine whether a distorted or a coherent ultrasonic
beam is passed through weld overlay material, ultrasonic beam
profiles were acquired. These profiles were then used to study
the distortional effects of different surface conditions and
different thicknesses of weld overlay. The ultrasonic beam
distortional effects were then analyzed by comparing ultrasonic
beam profiles from base material (e.g., non-overlaid pipe) to
profiles from weld overlaid pipe with differing surface condi-
tions.

3.1 BEAM PROFILE SYSTEM

The PNL beam profile system (Figure 3.1) provided a two-
dimensional mapping of the ultrasonic beam (Figure 3.2). A

X-Y Scanner
Y
—F=
/' Gated RF
40 dB > Calibrated - AGO'de ~ Peak
Anphifier Attenuator mphifier Detector

20 dB Preamplifier

Raster Scanned
Microprobe (receiver) Mini A'D Low Band

o] -
Yok Computer Converter Pass Filter
- Water

Overlay

Fixed
Transducer Sample
(Transmitter) Pulser of
Tone Burst
Generator

FIGURE 3.1. Ultrasonic Beam Profile System Used in PNL
Experiments
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transmitting probea was fixed on the outer diameter surface of

a weld overlaid pipe section, denoted as Specimen WO-1. The
inner diameter surface was machined flat to facilitate scanning
with an x-y scanner (Figure 3.3). Specimen WO-1 was prepared
from a 12-inch-diameter Schedule 120 pipe that did not contain

a weld. Tue specimen consisted of six regions: base material,
a 0.2-inch-thick weld overlay with a smooth surface, a 0.4-inch-
thick overlay with a smooth surface, a 0.4-inch-thick weld
overlay with an as-welded surface, a 0.2-inch-thick weld overlay
with an as-welded surface, and base material.

The beam profile system acquired voltage values correspond-
ing to the received signal amplitude or particle displacement.
Because the system used a water couplant, only the signal com-
ponent corresponding to particle motion perpendicular to the
specimen-to-water interface was measured. Consequently, the
system sensitivity was a function of propagational wave mode
and the incident angle with respect to the surface norm of the
specimen-to-water interface. However, changes in the beam
profile were easily detected when referenced to scans of similar
geometry of the pipe base material. Changes in the beam from
distortional processes caused by the weld overlay were refer-
enced to the corresponding base material scans.

3.2 BEAM PROFILE DATA ANALYSIS

Ultrasonic distortion was evaluated by comparing beam pro-
files of a matrix of scans, which included parameter -hanges of
both the weld overlay and the transmitting ultrasonic probe as
shown in Table 3.1. The trends in the distortional process
incurred from both a smooth ground surface and an as-welded
surface were then evaluated.

3.2.1 Distortion Evaluation of Both SV and L Waves

Data collected from an SV wave propagating through a 0.4-
inch-thick weld overlay with a smooth surface illustrated severe
beam distortion. Data collected from a 45°, 1-MHz probe showed
less distortiog than that of the 2- and 3-MHz probes, as shown
in Figure 3.4. Significant beam distortion occurred for the
60° probes at 1, 2, and 3 MHz (Figure 3.9).

The data suggested that a 1-MHz, 45° probe might be used
for weld overlay inspection. However, the transition between

arhe transmitting probe for all cases consisted of a 0.5-
inch-diameter transducer mounted on an acrylic angle beam wedge.

bAll illustrations of beam profile data include base mate-
rial profiles as a reference for comparison.






TABLE 3.1. Scanning Matrix for Evaluating Beam Distortion

Surface Wave Angle, Frequency,
..Material = Condition Mode MHZ
Base Matexialg - sv 35 1, 2, 3
45 1, 2, 3
60 ¢ 2, 3
L 35 Lo dp 3y
45 1, 2, 3, 8
60 1, 2, 3
0.2-inch- As-welded sV 35 2; 2, 3
thick weld 45 i, 2, 3
overlaya 60 3; 2 3
L 35 1, 2, 3, 5
45 3, 35 3, 8
60 1, 2, 3
Smooth sV 35 1, 2, 3
45 1, 2, 3
60 1. 2, 3
L 35 1, 2, 3, 5
45 1, 2, 3, §
60 i, 3,
0.4-inch- As-welded sV 35 i 2, 3
thick weld 45 1, 2; 3
overlay@ 60 1, 2, 3
L 35 1, 2, 3, §
‘5 1’ 2' 3' 5
60 i1; 3 3
Smooth sV 35 1, 2, 3
45 1, 2, 3
60 1, 2, 3
L 35 1, 2, 3, %
45 1, 2, 3, 8
60 1, 2, 3

a
Two or more scans of each matrix entry were acquired.

3.9



Weld Overlay
Base Material (10 mm Thickness) Frequency

Amplitude Color Key

Red 0-1dB Blue 4-6 dB
Orange 1-2dB Purple 6-10 dB
Green 2-3dB Brown 10-14 dB
Aq:..l 3-4 (18 Black 14 7() (’B

Scan Aperture. 50-x 50-mm




Red
Orange
Green
Aqua

FIGURE 3.5.

i

aterial

[

Amplitude Color Key
0-1dB Blue
1-2dB Purple
2-3d8B Brown
3-4dB Black

Scan Aperture: 50-x 50-mm

Weld Overlay

< ™ +

(10 mm Thickness)

h

5

Frequency

1 MHz

2 MHz

3 MHz

Beam Profiles of 60° SV Wave Traversing 0.4-Inch

Weld Overlay with Smooth Surface

3.7



the amount of beam distortion for 1 and 2 MHz was dramatic
and was certainly affected by grain size of the overlay mate-
rial. Due to expected grain size variations in weld overlays,
the severity of beam distortion for 2 MHz, and the distortion
incurred by the 60° probe, PikL concluded that SV waves should
not be used for inspecting weld overlay until further study
can verify the effectiveness of 1-MHz SV-wave examination.

Data collected from L waves propagating through a 0.4-
inch-thick weld overlay with a smooth surface illustrated little
beam distortion. Coherent beam profiles were obtained for 1-,
2-, and 3-MHz frequency values at both 45°® and 60°* waves (Figures
3.6 and 3.7). A decrease in the signal-to-noise (S/N) ratio
was observed for the 3-MHz, 60°* probe. This was due to elec-
trical noise and decreased signal strength, not acoustic noise.
Based on the above data, PNL concluded that L waves appear to
be the prefegred mode for ultrasonic inspection of weld overlaid
pipe joints.

The selection of L waves as the preferred mode of inspection
is further substantiated by two other phenomena. First, ultra-
sonic noise associated with grain boundary backscatter is less
for L waves than for SV waves as determined by Goe..els, Rouer,
and Crostach (1981). This results in a S/N ratio increase so
long as accompanying SV waves do not cause interfering signals
from geometrical reflectors. Second, the electromagnetic acous-
tic transducer (EMAT) that generates SH waves is not currently
pregmatic, for several reasons. The EMAT has insufficient
power while operating in a pulse mode, inadequate depth resolu-
tion due to excessive ringing, and low S/N ratios due to its
inefficient transmit and receive operation. In addition, austen-
itic steels have generally high ultrasonic attenuation values.

The distortien incurred by passing ultrasound through
a 0.2-inch-thick weld overlay with a smooth surface was essen-
tially identical) to that of passing ultrasound through a 0.4-
inch-thick weld overlay with a smooth surface. The only notable
difference was that of signal strength. As expected when pro-
pagating through different thicknesses of strongly attenuative
material, the thinner weld overlay yielded a stronger signal
than did the thicker overlay.

aror completeness the analysis should also include measure-
ments on ultrasonic background noise levels. This action would
aid in determining an optimal ultrasonic frequency for crack
cdetection and/or related sizing measurements.
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3.2.2 Distortion from an As-Welded Surface

Data collected from ultrasonic probes mounted on a 0.4-
inch-thick weld overlay on both the ground smooth and as-welded
surfaces indicated significant beam distortioa due to the in-
creased roughness of the as-welded surface. The as-welded
surface was characterized by both a weld ripple caused by side-
to-side oscillation of the tungster electrode and a weld overlap
texture (noticeable in Figure 3.3). The weld ripple had a peak-
Lto-valley radial displacement of 0.005 inch and a circumferen-
tial orientation. The weld overlap had a peak-to-valley radial
displacement of 0.015 inch and an axial orientation. Data was
collected solely with a 2-MHz, 45°, L-wave probe. Beam distor-
tion was assumed to be greater for the 60° probe and/or higher
frequency probes.

Both the scanning procedure and weld overlay specimen
were changed for the as-welded surface study. To acquire proper
probe-to-pipe surface interaction, Specimen WO-1 was turned
over to permit the receiving microprobe to be fixed on the
inner diameter surface while the transmitting probe performed
a rasier scan over the as-welded surface. However, Specimen
WO-1 did not provide sufficiently large smooth or as-welded
surface areas for the study. To provide the needed areas, the
0.4-inch-thick weld overlay region was smoothed while another
specimen labeled WO-2 was prepared identical to WO-1 except
that ajl weld overlay surfaces were left in their as-welded

state. This procedure yielded significant changes in the ultra-
sonic beam profile as a function of receiver position (Figure
3.8). This result agrees with the work performed by Rawsthorn,

Murgatroyd, and Bann (1984) who used SV waves instead of L
waves. PNL then calculated standard deviations from refracted
angle measurements on both the smooth and as-welded surface
conditions. Five measurements were used in each calculation.
For the smooth surface a 2* standard deviation was calculated,
while for the as-welded surface a 6* standard deviation was
calculated.

aAll illustrations of beam profile data include smooth
weld overlay profiles as a reference for comparison.
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4.0 EVALUATION OF EPRI NDE CENTER DATA

The third element of PNL's evaluation was a review of an
experimental research program under way at the EPRI NDE Center
in Charlotte, North Carolina. The program is being conducted
jointly by EPRI and che BWR Owners’ Group, to provide evidence
that wel!d overlaid pipe joints can be examined effectively.

The program encompasses two main efforts: the detection and
sizing of IGSCC and the detection and sizing of unacceptable
weld overlay flaws introduced during application of a weld
overlay. Both efforts employed pipe juint specimens containing
an assortment of reference reflectors such as notches, labora-
tory- or field-induced IGSCC, and weld overlay fabrication flaws.

This section documents PNL's review of data from the EPRI
NDE Center program. The test specimens are described first,
followed by detailed discussions of the Center’s work in IGSCC
and fabrication flaw detection and sizing.

The primary source of information for PNL’'s review was a
draft interim report produced by the EPRI NDE Center. This
report, documenting the program data and conclusions, was dis-
tributed at a weld overlay workshop held in April 1985 and
again at a presentation to NRC staff in June 1985. Supplementary
information was provided through written and oral communications
between PNL and EPRI NDE Center personnel.

4.1 TEST SPECIMENS

The EPRI NDE Center used laboratory specimens idertified
as A5-A6, NC5-C6, EPRI-1, and four field specimens for investi-
gating the detection of IGSCC, sizing thg length or exteni of
IGSCC, and sizing the remaining ligament of weld overlay re-
paired pipe joints.

Specimens A5-A6 and NC5-C6 were overlaid butt-welded joints
where each section was a 12-inch-diameter Schedule 100 pipe.
Both of the pipe joints were obtained from Ishikawajima-Harima
Heavy Industries Company, Ltd. (IHI), and contained laboratory-
induced IGSCC. Pre-overlay examination of Specimen NC5-C6 in-
dicated that cracks were deep along the entire length except
at the ends, where crack depth decreased sharply.

Liquid penetrant examination prior to each IHI pipe being
overlaid showed extensive cracking along the HAZs. Ultrasonic
measurements taken before the overlay was deposited indicated
that crack cepths ranged from 10% to 15% through-wall in speci-

anomaining ligament was defined as the remaining uncracked
pipe wall thickness and included the overlay material.
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men A5-A6, while crack depths ranged from 30% to 96% through-
wall in specimen NC5-C6.

The same welding procedure was employed for applying a weld
overlay on both IHI pipe joints and resulted in an overlay
width of 6.8 inches. Surface profiles of the specimens indi-
cated an overlay thickness of about 0.3 inch.

Specimen EPRI-1 was a 12-inch-diameter Schedule 80 weld
overlaid pipe section containing notches from which through-
overlay cracks were grown. The EPRI-1 specimen was not discussed
in the interim report, as fabrication was not completed until
after April 1985. However, ultrasonic analysis of the piece
was presented at the EPRI/NRC meeting in June 1985,

The field specimens were four weld overlay repaired 12-
inch-diameter Schedule 80 pi joints in an operating BWR plant.
The plant was known to contain deep cracking. Three of the
pipe joints leaked before they were weld overlaid, while the
fourth pipe joint had cracks estimated at 75% through-wall.

The overlay thickness renged from 0.6 to 0.7 inch. The as-welded
surface in two of the field specimens contained a significant
central rise due to a preexisting butt weld crown. Ultrasonic
data from the field specimens were presented at the EPRI/NRC
meeting in June 1985.

Both specimens BLC-1 and BLC-3 were used for investigating
the detection of weld overlay fabrication flaws. Both specimens
were weld overlaid butt-welded pipe joints where each section
was a l12-inch-diameter Schedule 80 pipe. Specimen BLC-1 was
fabricated to investigate the detectability of clustered flaws.
The flaws induced during application of the weld overlay were
lack of bond, lack of fusion, copper-induced cracking, tungsten
inclusions, and porosity. Specimen BLC-3 was ifabricated to
investigate the detectability of isolated flaws. The flaws
induced during application of the weld overlay were lack of
fusion, lack of bond, and Inconel-induced cracking. Approxi -
mately 70% of the weld overlay surface was ground to a smooth
finish. Each weld overlay was 0.4 inch thick.

4.2 INTERGRANULAR STRESS CORROSION CRACK DETECTION AND SIZING

Algorithms for IGSCC detection and sizing were developed
on machined reflectors and tested on laboratory- and field-
induced IGSC cracks. Due to the limited availability of field
samples, most of the data was acquired on machined reflectors
and laboratory-induced cracking. A 3-inch-long section of
pipe containing laboratory-induced IGSCC was removed and destruc-
tively analyzed to provide a basis for error analysis on the
acquired ultrasonic measurements.
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4.2.1 Technique for Detecting and Sizing IGSCC

Reliable detection and sizing of cracks contained within
the inner 50% of the original pipe wall is very difficult.
This is due to both false indications and the high probability
that a crack contained within the lower 50% of the original
pipe wall will be a weak ultrasonic scatterer. The false indi-
cations are thought to be aberrations of SV and/or L waves
distorted b{ the weld overlay. The weak ultrasonic scattering
from IGSCC is a result of the extreme compressive stresses
causing crack closure and increased ultrasonic transmission
through the crack.

According to the Center, "The extent of this closure zone
is not known; however, it is not expected to be more than 50
percent of the original pipe wall thickness...." Due to both
false indications and crack closure, PNL analyzed data from
only the outer 50% of the original pipe material. This was
done because inspection of the outer 50% of the original pipe
material was initially considered to be the only material for
hich a reliable inspection was feasible. Extension of reliable
«nspection to the inner pipe material must be preceded by an
analysis concluding that crack closure and false indications
would not significantly affect the inspection reliability.
The term "reliable" is emphasized because cracks less than 50%
through-wall have been detected and sized in depth.

The Center concentrated on detecting cracks deeper than
75% through-wall of the original pipe wall. Based on this
action, the Center formed two examination objectives:

l. "Monitor at least the upper 25 percent of pipe wall."

2. ‘"Characterize remaining sound portion of pipe wall in

detail sufficient to support re-analysis for longer-term
service of the joint."

These objectives created two zones for which different sizing
techniques were developed. The first zone consisted of the
outer 25% of the original pipe material. A crack detection
scheme was developed to detect the planar response from these
cracks using high-angle L-wave probes. The second zone con-
sisted of the overlay material,

The remaining ligament was estimated by peaking the planar
response, acquiring an echo dynamic Yattorn, using a selected
dB-amplitude threshold, and determining remaining ligament by
comparing arrival time with a calibrated display. The Center
used 0-, 3- and 6-dB thresholds when manually acquiring data.
However, both a 6-dB threshold and a cubioct ve threshold deter-
mined by an operator were used when acquiring data with an
automated scanning system. The subjective threshold was required
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because the ultrasonic instrument was saturated, and, there-
fore, an amplitude reference was not available from which sel-
ected dB values could be determined.

High-angle L-wave (including creeping-wave) probes were
used to detect and size cracks suspected of propagating into
the second zone. Data from through-overlay cracks contained
within Specimen EPRI-1 indicated that these probes had a high
sensitivity for short metal path distances. The use of these
probes ensured a more accurate estimate of remaining ligament
than did 40°* to 60* angle L-wave probes in cases where IGSCC ex-
tended into the overlay.

Crack length was determined by monitoring the crack response
as the probe was circumferentially moved, and was calculated as
the difference between the points at which the crack response
became obscured by background noise. Because of their penetrat-
ing capability, 40° to 60* angle L-wave probes were used.

4.2.2 EPRI NDE Center Conclusions Regarding ISCCC Detection
and Sizing

The EPRI NDE Center arrived at three conclusions regarding
the detection of IGSCC, the determination of IGSC crack length,
and the determination of the remaining ligament within weld
overlay repaired pipe joints.

First, the Center stated that "Surface preparation is
required for effective angle-beam examination for most flaws
of concern.” The Center presented extensive data supporting
the position that the surface finish on most weld overlay struc-
tures must be altered to permit meaningful ultrasonic examina-
tions. However, the Center did not determine a complete set
of specifications to ensure that an adequate surface finish
was obtained. The Center indicated that work was proceeding
to determine a full set of specifications, according to a letter
provided by the EPRI NDE Center. The Center stated that “...
variations on the order of 0.005 inch to 0.010 inch in the
thickness and uniformity of the couplant layer have significant
effect on coupling efficiency.” This is further substantiated
by work performed by Doctor et al. (1982).

At the EPRI/NRC meeting, a consensus seemed to exist that
a rms surface roughness of 250 microinches or less was suffi-
cient, PNL concurred that a rms surface roughness of 250 micro-
inches or less was required for a meaningful weld overlay inspec-
tion. This action ensured that the weld overlay surface was
ultrasonically smooth for the wave lengths of interest.

PNL determined the 250-microinch rms surface roughness as
a maximum tolerable value from data presented in Clark and
Wellman (1976). Their teet provided a vast amount of data on
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signal amplitude lost at sfocific frequency values due to numer-
ous surface roughness conditions. The 250-microinch rms value
was derived from determining a 750-microinch rms to be acceptable
and using a factor of safety of 3 as a conservative estimate.
This value was derived independent of the EPRI NDE Center data.

The Center also stated that surface undulations are more
critical than the rms surface roughness. PNL concurred that
surface waviness (American National Standards Institute 1978)
was critical; research by Rawsthorn, Murgatroyd, and Barn (1984)
and Taylor et al. (1983) supported this conclusion.

Excessive surface waviness was known to prevent the probe
face from resting locally against the cladding surface a*+ the
probe’s beam exit point and to cause significant changes in
the local effective incident angle at the couplant-to-metal
interface. This resulted in a signal amplitude decrease, an
inconsistently refracted beam angle, a change of beam focal char-
acteristics, and beam partitioning. PNL concluded that the
surface waviness period be the probe’'s diagonal length or typic-
ally a 1.0-square-inch surface. This ensures that the weld
overlay surface would not significantiy alter the ultrasonic
beam characteristics. A maximum 0.060-inch radial deviation
from peak-to-valley points within a 1.0- by 1.0-inch-square
surface area was set by PNL. PNL also determined that surface
curvature should be restricted by a minimum radius of curvature
of 1.0 inch. These conditions still permit significant beam dis-
tortion as demonstrated by calculations using Snell’s law and
a three-layer geometry: angle beam wedge, couplant, and weld
overlay. However, because the weld overlay material is trans-
verse isotropic and the effects of surface waviness were not |
clearly understood, PNL did not wish to recommend an overly
restrictive specification. PNL also concluded that future
research should determine acceptable levels of surface waviness.

Second, the EPRI NDE Center stated that "Detection of
shallow, tight cracks is presently very difficult." Specimen
A5-A6 contained "... extensive IGSCC with a maximum estimated
depth of approximately 1/ percent of the original pipe wall
thickness." Few crack indications have been obtained from
this specimen, apparently because the cracks are extremely
tight and, as a result, a poor ultrasonic reflector. PNL con-
curred that this data indicates that IGSC cracks less than 20%
through-wall of the original pipe material are not generally
detectable through weld overlay. This conclusion should be
gualified, because reported data (Kurtz 1985) indicates that
axial stresses in large-diameter pipes such as 24- to 28-inch-
diameter maI be significantly less than those of 12-inch-diameter
pipe. Specimen A5-A6 was a 12-inch-diameter Schedule 100 pipe.

Third, the EPRI NDE Center stated that "Cracks reaching to
within the upper 25 percent of the original pipe wall, and
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possibly shallower cracks also, can be effectively detected
and sized." Deep cracks extending to at least the outer 50%
of the original pipe wall were detected using L-wave probes
ranging from 45° to /0°.

To examine the Center’'s statement, PNL reviewed data on
both Specimen NC5-C6 and the field specimen set. The analysis
of Specimen NC5-C6 focused on correlation between ultrasonic
measurements, penetrant measurements, and dostructive measure-
ments. An evaluation of S/N ratios was used to evaluate detec-
tion of deep IGSCC. Penetrant data was used to evaluate length
sizing of deep IGSCC. Destructive data was used to evaluate
sizing of the remaining ligament. Destructive data was also
used in correlating S/N ratios with different crack character-
istics.

The destructive measurements on Specimen NC5-C6 were ac-
gquired by four axial cross sections across a weld known to have
deep IGSCC in both HAZs. Of these eight cross-sectional views,
one for each HAZ, two crack depth measurements were less than
30% of the origina) pipe wall thickness, while the remaining six
ranged from 96% to 61% through-wall (Figures 4.1 through 4.8).
Of the six IGSC crack depth measurements ggeater than or equal
to 50% through-wall, two visually appeared to be tight, while
two other views showed cracks in a near vertical or radial
orientation. The visually apparent tight cracks had a reported
61% and 82% through-wall depth, as shown in Figures 4.7 and
4.8, respectively. Cracks in the most vertical orientation
appear in Figures 4.2 and 4.6. However, the upper naior branch
of each crack has, respectively, a 20* and a 10* inclination
from vertical (Figure 4.9).

Excellent S/N ratios were reported for the majority of
cracks; however, data was needed on crack characteristics that
have previously been associated with a lower signal level.

The cracks were examined and grouped into classifications accord-
ing to characteristics thought to affect signal amplitude.
These classifications were:

‘A necessary condition for a tight crack was a crack which
visually appeared tight. However, a v1|u|11¥ apparent tight
crack may have been ultrasonically open or tight depending on
the stress distribution. A crack that .gpoarod open was assumed
to be ultrasonically open. This logic did not account for the
case where Ylantic deformation occuring at the time of coupon
removal would make a tight crack appeuar as if it were open.
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I1GSC Crack

o

FIGURE 4.1.

Cross Section of C5 Side of NC5-C6 at 26 Inches,
Indicating a Through-Wall Depth of 30% of the
Original Pipe Wall. (Crack Depth = 0.238 Inch;
Total Remaining Wall = 0,928 Inch.) Source:
Becker et al., EPKI NDE Center, April 1985,
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FIGURE 4,2.

Lo* 265 Inches

G6SC Crack

l——h—-——‘
J | 2 mm

Cross Section of C5 Side of NC5-C6 at 26,5 Inches,
Indicating a Through-Wall Depth of 96% of the
Original Pipe wall. (Crack Depth = 0.757 Inch;
Total Remaining Wall = 0,365 Inch.) Source:

Becker et al., EPRI NDE Center, April 1985.
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IGSC Cracke

FIGURE 4.4.

0 1 2m

Cross Section of C5 Side of NC5-C6 at 29 Inches,
Indicating a Through-Wall Depth of 72% of the
Original Pipe Wall. (Crack Depth = 0.572 Inch;
Total Remaining Wall = 0.51%f Inch.) Source:
Becker et al., EPRI NDE Center, April 1985.
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open and preferentially criented

open and vertically oriented

open and change of orientation

apparently tight and preferentially oriented.

Although much data were presented in the EPRI NDE Center
draft document, little information was included from which to
determine a quantitative measurement of the S/N ratios. A S/N
ratio of 20 dB was reported for most signals. However, an
8-dB loss was observed in signal gain for an apparently tight
and preferentially oriented crack when using a 45° dual-element
L-wave probe (Figure 4.10). The EPRI NDE Center stated that
adequate S/N ratios existed for each of the six deep IGSCC
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FIGURE 4.10. Ultrasonic Indications from NC5-C6 at 29 Inches
Showing an 8-dB Difference Between an Open Pre-
ferentially Oriented Crack and an Apparently
Tight Preferentially Oriented Crack. Source:
Becker et al., NDE Center, April 1985.

indications. The Center also stated that the signal level of
the C6 HAZ was generally less than that observed from the C5
HAZ. All cracks that were visually determined to be tight
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from the destructive analysis were contained within the Cé6
HAZ. PNL concluded that more information on S/N ratios was
needed. An example where the S/N ratio was expected to be low
was a tight vertical crack. This type of crack was not repre-
sented in the data obtained by the EPRI NDE Center.

A possible source of data is the recorded automated scans
performed during the Center’s program. If the ultrasonic instru-
ment was not saturated and the data have not been lost, then
recorded signal levels could be compared with the crack charac-
teristics previously listed.

Information supplementing data concerning S/N ratios was
provided by the field specimen set that contained four weld
overlaid pipe joints with deep IGSCC. This was important because
the IGSCC was truly representative of ultrasonic measurements
performed in the field. 1Isolated cases of crack detection
were provided where excellent S/N ratios were obtained with
both a dual-element 60° L-wave probe and a tandem L-wave probe.

Destructive analysis of Specimen NC5-C6 was used to evaluate
sizing of the remaining ligament of a weld overlaid pipe joint
containing deep IGSCC. Of the eight cross-sectional views of
the two IGSC cracks, visual inspection revealed six having a
depth exceeding 50% of the original pipe wall thickness. The
remaining ligament measurements and destructive results are
given in Table 4.1. Table 4.1 indicates that the remaining
ligament resultant from cracks characterized as other than
open and preferentially oriented were, in general, measured
less conservatively. Analysis of data that was acquired by
an automated system using a 60°* L-wave probe and a threshold
determined by the operator indicated a 0.13zinch difference in
measured values between the two flaw sets.

%A nonconservative measurement was associated with a remain-
ing ligament value greater than that given by the destructive
test. A conservative measurement, therefore, ensured that the
pipe joint strength or integrity was not overestimated.

bA subjective threshold was determined by the operator
because the data was saturated and, thus, no reference amplitude
level existed from which dB levels could be objectively deter-
mined. The EPRI NDE Center stated that the anterior rise of
the echo dynamic pattern was fairly sharp and that significant
changes in measurements were not expected due to the subjective
edge detection of the crack.

cThis data was the same as that used by the EPRI NDE Center
when determining a mean error of 0.038 inch and a standard
deviation of 0.079 inch for remaining ligament measurements.
All eight cracks were used in the Center’s calculation.
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TABLE 4.1. Analysis of EPRI NDE Center Ultrasonic Measurzments

of Remaining Ligament (Only cracks larger than 50%
through-wall are considered.)

Destructive Ultrasonic Measurement Errora'b
Measurement (Automated Data Acquisition)
Crack of Remaining 60 0L /Operator 609L/-6dB 45%L/Operator
Characteristic HAZ/Position _Ligament @ Threshold Threshold __Threshold
Open and pre- €5/27.5 0.396 -0.094 -0.087 ~0.027
ferentially C5/29.0 0.515 ~-0.133 -0.117 -0.056
oriented
Open and C6/26.5 0.374 0.000 -0.052 i
vertically
oriented
Open and C5/726.5 0.365 0.031 0.008 0.013
change of
orientation
Apparently C6/27.5 0.462 0.092 -0.140 o
tight and C6/29.0 0.603 -0.027 -0.066 S
preferentially
oriented
Mean Error -0.022 ~0.076 -0.023
RMS Error 0.078 0.089 0.037
Ultrasonic Measurement Error
.. {(Manual Data Acquisition)
-6dB 0dB
Threshold Threshold
Mean Error ~-0.088 0.037
RMS Error 0.128 0.104

a 5 > s -
All measurements and assocliated errors are given in terms of inches.

bA positive error infers an oversized measurement of remaining ligament, which leads to
a nonconservative estimate of structural integrity.



The mean error and rms error reported in Table 4.1 were
determined with an extremely small database. This data, none-
theless, indicated a strong trend suggesting that the remaining
ligament can be determined accurately.

Crack lengths were determined along selected regions of
Specimen NC5-C6. As previously indicated, cracks contained
within this specimen were deep along their entire length except
at their ends. Penetrant indications and ultrasonic measurements
are reported in Table 4.2.

TABLE 4.2. Ultrasonic Estimate of Crack Length from Data
Acquired from Specimen NC5-C6

Range Length Range Absolute
Def ined Defined Given Length
by PT, by PT, by UT, Error,® Percent
HAZ Inches Inches Proke _lnches Inches _Errora
C6 6.0-12.0 6.0 60°L wave 6.4-11.8 -0.6 -10
cs 26.7-29.6 2.9 60°L wave 26.9-29.7 -0.1 -3
CS 8.5-13.2 4.7 60°*L wave 7.9~-13.8 I.2 26
cs 26.7-33.5 6.8 60°L wave 26.4-33.5 0.3 4
C5 8.5-13.2 4.7 45°L wave 9.4-13.3 -0.8 -17
CS 26.7-33.5 6.8 45°L wave 26.4-32.9 -0.3 -4
Cé 6.0-12.0 6.0 40°L wave 6.4-11.5 -0.9 -15
CS 8.5-13.2 4.7 40°L wave 10.7-13.1 -2.3 -49

a : . :
A negative error infers both an undersized measurement of crack
length and nonconservav.ive estimate of structural integrity.
L

PNL concluded t*hat a limited database indicated that a
strong trend exists whereby deep IGSCC may be detected, sized
in length, and the remaining ligament resultant from the crack
determined. However, until sufficient data is available to
' demonstrate technique reliability, PNL will continue to classify
the techniqu= as unreliable.

A field condition in which the high-angle, L-wave, far-side
inspection technique may suffer performance degradation is



illustrated in Figure 4.11. The reference weld overlaid pipe
joint was prepared to simulate a 12-inch-diameter pipe joint
that was removed from Georgia Power Company’s Hatch reactor
(Kupperman et al. 1985). Of particular interest is the case
where the ultrascaic beam must traverse a columnar-to-base
metal interface at both the weld overlay metal-to-base metal
interface ard the weld metal-to-base metal interface. Note
that the 45° probe is not affected by the geometric restraint
determined for the 60° and 70°* probes.

4.3 WELD OVERLAY MATERIAL INSPECTION

Detection and sizing of weld overlay fabrication flaws
entailed fabricating the flaws, nondestructively examining the
weld overlay to locate induced flaws, ultrasonically examining
the weld overlay material, destructively testing eight coupons
from the two specimens, and correlating ultragonic measurement
results with destructive measurement results.

The EPRI NDE Center stated that "Code-unacceptable overlay
flaws are generally detectable." A major objective of inspecting
the overlay material, either immediately following overlay
fabrication or in subsequent inservice inspection (ISI), is to
justify the structural strength of the weld overlay material.

To determine whether "code-acceptable flaws" could be detected,
a specimen with an assortment of acceptable and unacceptable
reflectors was fabricated. The flaws included in the specimen
were both isolated and clustered. The flaws included cracking,
lack of bond, lack of fusion, tungsten inclusions, and porosity.
The Center stated that they did not expect any other flaw types
to exist when applying an overlay with gas tungsten arc welding
(GTAW), which is regarded as a high-quality welding process.

PNL concluded that the correlation of results of destructive
tests with those from ultrasonic examination showed that unac-
ceptable fabrication flaws contained within the weld overlay
material were detected with low reliability. Good detection
sensitivity was demonstrated for both acceptable and unacceptable
lack of bonds. Clustered cracking and isolated cracking were
detected in isolated cases. However, S/N ratios were generally
too small to ensure reliable detection. Furthermore, the surface
preparation and scanning techniques used by the EPRi NDE Center
were designed for an optimal S/N ratio. Porosity and tungsten

aPossible acceptance criteria for overlay material inspec-
tion may be defined by the Boiler and Pressure Vessel Code of
the American Society of Mechanical Engineers. Hnwever, the
applicability of the Code is not clearly understood, given the
extremely large stress contained within the weld overlay mate-
rial.
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FIGURE 4.11. Ray Diagrams of Propagational Paths to a Deep
Crack with a 459, 60°, and a 70° L-Wave Probe
(Transducer Diameter is 0.5 Inch)



inclusions were not detected by an ultrasonic method. The
Center stated that they may be detectable by a radiographic

method.

Based on review of the data describing the detectability
of unacceptable flaws, PNL concluded that:

* A limited database shows a strong trend that lack of bond
can be detected reliably.

* Unacceptable flaws such as a crack and lack of fusion
were detected with low reliability, whether isolated or

clustered.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Based on review of available technical literature, results

of the PNL experiments conducted to determine the distortional
effects of weld overlay on ultrasound, and review of data from
the weld overlay inspection development program at the EPRI
NDE Center, PNL arrived at nine major conclusions. The PNL
conclusions and related recommendationrs are:

1.

2.

Conclusion: Shear wave examination of a weld overlaid
pipe joint is neither effective nor reliable.

Conclusion: Longitudinal wave probes with an angle ranging
between 40° and 70° provide the best results for detecting
deep intergranular stress corrosion cracks, sizing the
length of the detected crack, and sizing the remaining
ligament of the pipe joint. The probes used mos:t success-
fully had peak frequency responses ranging between 1.0

and 4.0 MHz.

Recommendation: Examination of weld overlaid joints should
be performed with longitudinal waves using at least two
different angles ranging between 40° and 70°* and separated
by a difference of 15°* (e.g., 45° and 60°).

Recommendation: Inspectors should demonstrate their capa-
bility to detect flaws in weld overlaid joints, because
longitudinal inspection differs significantly from commonly
employed shear-wave techniques.

Conclusion: A limited database indicated a strong trend
whereby the detection and the sizing of an intergranular
stress corrosion crack of depth greater than 50% through-
wall of the original pipe wall thickness may be reliably
determined. However, until sufficient data is available
to demonstrate technique reliability, the technique will
be classified as having a low reliability.

Recommendation: Perform additional experiments that add
to the database of correlating ultrasonic measurements
with destructive measurements.

Conclusion: The detection and the sizing of an intergran-
ular stress corrosion crack of depth lese¢ than 50% through-
wall of the original pipe wall thickness is not reliable.

Conclusion: The detection or sizing of an intergranular
stress corrosion crack of depth less than 20% through-wall
of the original pipe wall thickness is generally not pos-
sible.



6. Conclusion: High-angle L-wave (including creeping-wave)
probes were more accurate than dual-element L-wave probes
ranging between 40° and 60° in determining the remaining
ligament associated with intergranular stress corrosion
cracks that extended into the weld overlay material.

Recommendation: High-angle L-wave (including creeping-
wave) probes should be used to estimate the remaining
ligament of intergranular stress corrosion cracks sus-
pected of entering the weld overlay material.

7. Conclusion: The detection of unacceptable fabrication
flaws contained within the weld overlay has not been demon-
strated to be reliable. The Boiler and Pressure Vessel
Code of the American Society of Mechanical Engineers was
used as the acceptable/unacceptable criterion. However,
the applicability of the Code is not clearly understood,
given the extremely large stress contained within the
weld overlay material.

8. Conclusion: Surface preparation of the weld overlay is
required to perform meaningful ultrasonic inspections
regarding intergranular stress corrosion cracks and weld
overlay fabrication flaws.

The condition of the overlay surface should meet the fol-
lowing requirements:

* The rms surface roughness must be equal to or less than
250 microinches.

* The surface waviness must be equal to or less than
a 0.060-inch radial deviation from peak to valley
points within a 1.0- by 1.0-square-inch surface area.

* All surface variations should not produce a depth vari-
ation having a radius of curvature less than 1 inch.

9. Conclusion: Additional research is needed to resolve the
remaining questions concerning the reliable inspection of
weld overlay repaired pipe joints.

As current research and development programs develop a

more comprehensive engineering database, the conclusions and
recommendations listed above may change.

5.2



6.0 FUTURE WORK

Evidence of effective nondestructive inspection is neces-
sary if weld overlay is tu be used as a long-term repair for
pipe joints weakened by intergranular stress corrosion cracking.
To provide such evidence, additional research is required to
develop reliable inspection procedures. The main areas of
concern are inspecting the weld overlay for unacceptable fabri-
cation flaws and measuring the remaining ligament. Both must
be performed reliably in order to justify the structural inte-
grity of the repaired pipe joint.

Areas 'n which work is needed to provide evidence of effec-
tive nondestructive inspection are:

1. An enlarged database must be acquired consisting of the
correlation of blind nondestructive measurements with de-
structive test measurements. Because high-angle longi-
tudinal waves and creeping waves have shown a strong ten-
dency for providing the needed nondestructive measurements,
a database of additional weld overlay repaired pipe joints
of different pipe diameters and thicknesses with a variety
of crack depths is needed.

2. The distortional effects of the weld overlay on an ultra-
sonic wave must be examined for inspecting through both
the weld overlay and the weld material. To date, experi-
mental data has been obtalned on ths distecrtion resulting
from only the weld overlay layer.

3. A criterion for acceptable/unacceptable weld overlay fabri-
cation flaws must be established.

4. Based on the acceptance criterion selected for weld overlay
fabrication flaws, nondestructive methods must be shown
to be sensitive in detecting unacceptable flaws in both the
regime of unacceptable/acceptable and slightly intc the
acceptable category.

5. A complete set of specifications regarding surface roughness
and waviness must be determined that will ensure meaningful
ultrasonic examinations. A particular need exists to
quantify the adverse affects of surface waviness on the
ultrasonic examination.

6. A qualification program must be developed whereby indivi-
duals demeonstrate their competence in performing a reliable
nondestructive examination.







tive Evaluation in the Nuclear Industry, pp. 75-99. American
Society for Metals, Metals Park, Ohio.

Gruber, G. J. 1982. "Sizing of Near-Surface Cracks in Cladded
Pressure Vessels by the Multiple Beam-Satellite Pulse Technigue."
In Quantitative NDE in the Nuclear Industry, Proceedings of

the Fifth International Conference on Nondestructive Evaluation
in the Nuclear Industry, ed. R. B. Clough, pp. 56-59. American
Society for Metals, Metals Park, Ohio.

Hudgell, R. J., and H. Seed. 1980. "Ultrasonic Longitudinal
Wave Examination of Austenitic Welds." British Journal of

Nondestructive Testing. 22(2):78-85. British Institute of Non.

Destructive Testing, Northampton, United Kingdom.

Kupperman, D. S., K. J. Reimann, and D. I. Kim. 1980. “Ultra-
sonic Characterlzatlon and Microstructure of Stainless Steel

Weld Metal. In Nondestructive Evaluation: Microstru.tural
, eds. C. Buck and

Characterization and Reliability Strategies
S. M. Wolf, pp. 199-216. Metallurgical Society of AIME, Warren-
dale, Pennsylvania.

Kupperman, D. S., K. J. Reimann, and D. Yuhas. 1932. "Visuali-
zation of Ultrasonic Beam Distortion in Anisotropic Stainless
Steel." Metals/Materials Technology Series 8202-001, American
Society for Metals, Metals Park, Ohio.

Kupperman, D. S., T. N. Clayton, and D. W. Prince. 1985.
NDE of Stainless Steel and On-Line Leak Monitoring of LWRs.

NUREG/CR-4124, U.S. Nuclear Regulatory Commission, Washington,
D.C.

Furtz, P. 7. 1985. Testing of Flawed Pipe Repairs, Progress
Report for the Period from October 1983 to March 1985

. T302"2'
Electric Power Research Institute, Palo Alto, California.

Newell, W. F., Jr. 1984. “Studies on Weld Overlay for Repair."
In ing: i

= ~2: Remedy Development. NP-3684,
Electric Power Research Institute, Palo Alto, California.

Ogilvy, J. A. 1985a. "A Model for Elastic Wave Propagation
in Anisotropic Media with Appllcatlons to Ultrasonic Inspection

Through Austenitic Steel." British Journal of Nondestructive
Testing. 27(1):13-21. British Institute of Non-Destructive
Testing, Northampton, United Kingdom.

Ogilvy, J. A. 1985b. “Computerized Ultrasonic Ray Tracing in
Austenitic Steel." NDT International. 18(2):67-77. Butterworth
& Co. Ltd., Surrey, United Kingdom.



p—— vl o anA
rgatroyaq, nn. LYB4

<+ 1 ] oo ~ g . Teltle) T.avaer
\ud..--b“;u hn ..«Cl)',.
vy 1 =

il S

+r

. s11
= ESAOLVRILe|

over
Ay ~
\ €
AVl A5

“en >
cIrence

"1 v
AN e N AWMU

IIIRFC /CR

{

Nand . + 11
\ ] e re
MVUGCO LI UCTlVe

Intern

caad ] v £f an o 4
e« \ an addeC bl G L 4

SRS

Americar oclety f( r Met )




Trumpfheller, R. 1981. "Reliability and Standards." 1In Quan-
itat] - 1980, Proceedings of
» PP. 13-21. American Society for
Metals, Metals Park, Ohio.

Yoneyama, H., S. Hirose, T. Denda, K. Kimura, Y. Yoshida,

M. Ebata, M. Kato, and K. Ooka. 1984. “Propagation Characteris-

tics of Ultrasonic Waves in Austenitic Stainless Steel Welds."
at 1 arence on \lq ne N

pp. 271-275. American Society for Metals, Metals Park,

Ohio.




No'

DISTRIBUTION
No..of

of

Copies
OFFISTE

2

J. Muscara

Materials Engineering
Branch

Engineering Technology
Division

Nuclear Regulatory
Commission

Mail Stop 5650NL
Washington, DC 20555

U.S. Nuclear Regulatory
Commission

Division of Technical
Information and Document
Control

7920 Norfolk Avenue

Bethesda, MD 20014

C. Z. Serpan

Materials Engineering
Branch

Engineering Technology
Division

Nuclear Regulatory
Commission

Mail Stop 565UNL

Washington, DC 20555

M. R. Hum

Materials Engineering
Branch

Division of Engineering

Nuclear Regulatory
Commission

Mail Stop 318

Washington, DC 20555

Dist-1

NUREG/CR-4484
PNL-5729
RS

Copies

W. S. Hazelton

Materials Engirneering
Branch

Division of Engineering

Nuclear Regulatory
Commission

Mail Stop 318

Washington, DC 20555

W. J. Collins

Office of Inspection
and Enforcement
Nuclear Regulatory
Commission

Washington, DC 20555

J. P. Durr
Region I
Office of Inspection
and Enforcement
Nuclear Regulatory
Commission
631 Park Avenue
King of Prussia, PA 19406

S. B. Ebneter
Region I
Office of Inspection
and Enforcement
Nuclear Regulatory
Commission
621 Park Avenue
King of Prussia, PA 19406



A. R. Herdt

Region II

Office of Inspection
and Enforcement

Nuclear Regulatory
Commission

Suite 3100

101 Marietta Street NW

Atlanta, GA 30303

J. J. Blake

Region II

Office of Inspection
and Enforcement

Nuclear Regulatory
Commission

Suite 3100

101 Marietta Street NW
Atlanta, GA 30303

K. Ward

Region III

Nuclear Regulatory
Commission

799 Roosevelt Road
Glen Ellyn, IIL. 60137

W. J. Keys

Region III

Nuclear Regulatory
Commission

799 Roosevelt Road

Glen Ellyn, IL 60137

D. Danielson

Region III

Nuclear Regulatory
Commission

799 Roosevelt Road
Glen Ellyn, IL 60137

D. S. Kupperman

Materials Science Center

Argonne National
Laboratory

9700 S. Cass Avenue

Building 212

Argonne, IL 60439

Dist-2

R. W. Weeks

Materials Science Center
Argonne National
Laboratory

9700 S. Cass Avenue

Argonne, IL 60439

L. J. Anderson, B2402
Dow Chemical Company
Texas Division

P.O. Drawer K
Freeport, TX 77541

D. O. Harris

Science Applications,
Inc.

5 Palo Alto Square

Suite 200

Palo Alto, CA 94304

R. M. Stone

J. A. Jones Applied
Research Company

EPRI NDE Center

1300 Harris Boulevard

Charlotte, NC 28211

F. L. Becker

J. A. Jones Applied
Research Company

EPRI NDE Center

1300 Harris Boulevard

Charlotte, NC 28211

G. P. Selby

J. A. Jones Applied
Research Company

EPRI NDE Center

1300 Harris Boulevard

Charlotte, NC 28211

L. J. Sobon

NUTEC Ergineers

145 Martinvale Lane
San Jose, CA 95119

FOREICN

P. Caussin

Vincotte

1640 Rhode-Saint-Genese
Belgium



I. P. Bell

Risley Nuclear Labs
UKAEA

Risley Warrington
Chesire

United Kingdom

M. J. Whittle

NDT Application Centre
CEGB Scientific Services
Timpson Road

Manchester M23 9LL
United Kingdom

0. Forli

Det Norske Veritas
Veritasveien, 1
P.0O. Box 300
N-1322 Hovik
Norway

P. Holler

Institut fur Zerstrarangs
Frere Prufverfahren

Univ. Geb. 37

D-6600 Saarbrucken

West Germany

X. Edelmann

Sulzer Brothers Ltd.
Dept. 1513, NDT
CH-8401 Winterthur
Switzerland

Dist-3

ONSITE

50

Pacific Northwest Laboratory

Ml C'
D. J.
S. H.
L. A.
A. J.
J. D.
R. L.

J.
S. R.
M. S.
P. G.
P. H.
R. J
G. A.
L. T.
G, J.
F. A.
J. C.
R. A.

A.
T. T.
L. G.

Technical Infeormation
Publishing Coordiration

Bampton
Bates
Bush
Charlot
Currie
Def fenbaugh
Dillon
Devine
Doctor (2)
Good (20)
Heasler
Hutton

« RUTEE

Mart
Pedersen
Posakony
Simonen
Spanner
Stokes
Tabatabai
Taylor
Van Fleet

)



NAC FOAM 138 US NUCLEAR REGULATORY COMMISSION | ' REPURT NUMBER | Augned by T/0C aoe vor Mo+ a0y

S 10 NUREG/CR-4484
g BIBLIOGRAPHIC DATA SHEET PNL-5729

SEE INSTRUCTIONS ON THE REVERSE

2 TITLE AND SUBTITLE I LEAVE BLANK

Status of Activities for Inspecting Weld
Overlaid Pipe Joints

4 JATE REYOAT COMPLETED
YEAR

S ALTHOR(S) *\ 1985
6 DATE REPORT 15SLED

M. S. Good ! MONTH T TEAR

L. G. Van Fleet \\ Fabruary 1986

T PERFORAMING ORGANIZATION N  #E AND MAL ADURESS inciuoe o Cooe: Bl JECT TASK WORK UNIT NUMBER

Pacific Northwest Labdratory

——
N OR GRANT NUMBER

P.O. Box 999 k]
Richland, Washington 99352

FIN B2289
10 SPONSORING ORGANIZATION NAME AND MAILING ADDRESS wow 2o Coodw) tta TYPE OF REPORT
Division of Fngineering ]L:*UO!OLy Topical
Office »f Nuclear RegulatorySResearch
U.S. Muclear Regulatory (omml\slon o PERIOD COVERED (Incvsve detes)
Washington, DC 20555 \ f ;
\ r
12 SUPPLEMENTARY NOTES kY ;7
.i '

9,

N F

2 v 4
11 ABSTRACT (200 wordy or #13/ T ' &

Pacific Northwest Laboratory (RNL) evaluated the ultrasonic
inspectability of weld overlaid pi joints. As part of this task,
PNL is providing NRC staff with copmclysions and recommendations con-
cerning the effectiveness of ultra%onl inspections performed on
weld overlaid pipe joints.

PNL eraluated data from avadilable chnical literature, conduct-
ed experiments to determine the 'distortidpal effects of weld overlay
on ultrasound, and reviewed data from theweld overlay inspection
development efforts of the Electric Power search Institute NDE
Center.

Based on these reviews and experiments, PNL concluded that ultra-
sonic inspection of weld overlaid pipe ]01nt has not been demonstrated
to be reliable, for two reagons. First, insufficient daca exists to
demonstrate the reliable detection and sizing ®f intergranular stress
co*rosxon cracks. Second, the detection of un ceptable fabrication

laws contained within the weld overliay materiak has a low reliability
dur to poor signal-to-noise ratios. However, as‘current research
anu development programs lead to a more comprehen§ive engineering data-
base, these conclusions may change.

14 SOCUMENT ANALYSIS - 3 XEYWORDS DESCRIPTORS S AVAILABILITY
columnar grain structure, far-side inspection, 1nse£§‘ce e
inspection, intergranular stress corrosion cracks, 5 Unlimited
ultrasonic beam profile, ultrasonic inspection, wave
distortion, weld overlay 18 SECURI T CLASSIF CAT 0N
ITh
5 DENTIFIERS OPEN ENDED TERMS Unc”f'assifie
(TR capare!
Unclassifie
vy Ny ROF PA
19 PRAICE




UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D.C. 20555
OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE, ¢ -.)

SPECIAL FOURTH CLASS RATE
POSTAGE & FEES PAID
USNR(C
WASH D C
PERMIT No G 87

Y8y HO/O3IHNN

HO4 SIILIAILOY 40 SNLVLS

IM ONILIIASNI

SAINIOfr 3did givIidsano an

9861 AHYNHE34



