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In June 2012, a UT examination was conducted at Doel Unit 3, to identify the presence of underclad cracks. No such cracks were found, but during this new type of inspection, conducted for
the first time in Belgium, several thousands of indications were detected in the base metal of the
Doel 3 reactor pressure vessel, located mainly in the upper and lower shells. As a precaution,
similar inspections were conducted in September 2012 on the Tihange 2 unit, whose reactor
pressure vessel is of identical design and construction. Indications were detected in this reactor
vessel as well, but to a lesser extent.
This issue has raised questions regarding the possibility that U.S. forged-ring vessels may also
have such indications. There are 21 PWR vessels with forged core shells currently operating in
the U.S.
Based on informal discussions with senior NRC staff, the Primary Materials Management
Program (PMMP) recommended that the following action be taken:
PWRs with RPV core shell forgings should locate and review plant information relating to the
fabrication nondestructive examination of the core shell forgings (fabrication nondestructive
examination records are described in the paragraph below). This should include a Licensee
assessment of the inspection records - i.e., an assessment of the ability of available records to
demonstrate an absence of hydrogen-induced fabrication defects (flaking) in the core shell
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The question for US operating plants then becomes: Is this review of the shop inspection records
sufficient to identify the presence or absence of such indications, or are additional inspections
needed?
In order to address this question, as well as other NRC questions identified during the public
meeting on Doel Unit 3, ultrasonic model simulations have been performed to demonstrate the
laminar flaw detection capability throughout the vessel thickness using the the full range of US
inspection practices employed to satisfy the American Society of Testing and Materials (ASTM)
requirements at the time of fabrication of the vessels of interest. For comparison, the inspection
technique described by Doel Unit 3 was also benchmarked in order to provide a direct
comparison.
This report also provides background information on UT exams, ASTM A388, under clad
cracking, and the equipment specifications (E-Specs) for the individual reactor vessels. Finally,
this report provides detailed discussion of how indications discovered during the original UT
examinations were handled and provides clear technical input as to whether they pose any further
issue related to the Doel-like indications.
If you have any additional questions or comments on the enclosed report, please contact the
program technical lead Warren Bamford at (412) 374-5858, or Jim Molkenthin of the Owners
Group Program Management Office at (860) 731-6727.
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PWROG Member Participation for PA-MSC-1172, Task 2
PWROG
Member

I[ReactorApplicable Plant Sites

[Design JParticipant

Domestic
W

Ameren Missouri

Callaway

American Elec
Power Co.

Cook

Unit 1

Unit 2

Arizona Public
Service Co.

Palo Verde

Unit 1

Unit 2

Constellation
Energy Group

Calvert Cliffs
GiaXWX

Unit 1

Unit 2

Dominion
Kewaunee

Kewaunee

Dominion
Nuclear Ct.

Millstone

Dominion VA

North Anna

Power--Duke Energy

Unit 2
X

X

Unit 2

W

Unit 1

Unit 2

W

Unit 1

Unit 2

W

X

W

X

B&W

X

Unit 1

X

X

Unit 2

Oconee

Unit 1

X

Unit 2

Entergy Nuclear
Northeast

Indian Point

Unit 2

Entergy Nuclear
South

Waterford

Unit 3

ANO

Unit 1

Entergy Palisades

Palisades

Unit 1

Exelon
Generation Co,
LLC

Braidwood
Byo
BrnX

X

Unit 3

CE
Unit 2

B&W/CE
CE
W

X

Uniti1

X

Unit2

W

X

Unit 1

B&W
Unit 2
-

St. Lucie

W

Unit 2

Beaver Valley

FPL/Next Era

Unit 3

X

Unit 1

Davis-Besse

X

X

Unit I

TMI

Operating Co.

CE

CE/W

Unit 1

Nuclear

CE

Unit 3

McGuire

First Energy

Unit 3

W

Surry
Catawba

W

W

____-_____

X

B&W
Unit 1

Unit 2

CE

X

Unit 3

X

Unit 4

W

X

Pt Beach

Uniti1

X

Unit 2

W

X

Comanche Peak

Unit 1

Unit 2

W

Turkey Point

X

SeabrookW

Luminant
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PWROG Member Participation for PA-MSC-1 172, Task 2
PWROG
Member

[Reactor
Applicable Plant Sites

Design

Participant

Domestic
Omaha Public
Power District

Ft. Calhoun

Pacific Gas &
Electric Co.

Diablo Canyon

Unit 1

Progress Energy

Robinson

Unit 2

Unit 2

W
W

Shearon Harris

W

Crystal River 3

B&W

PSEG Nuclear

Salem

Unit 1

Unit 2

W

So. California
Edison Co.

SONGS

Unit 2

Unit 3

CE

So. Carolina
Elec & Gas Co.

V. C. Summer

STP Nuclear
Operating Co.

So Texas Project

Unit 1

Southern Nuclear

Farley

Unit 1

Operating Co.-

W

Vogtle

Unit 2
Unit 2

___

-

___

Unit 1

W

Unit 2

W
-_____

W

Tennessee Valley

Sequoyah

X

Unit 1

X

Unit 2

W

X

AtoiyWatts

Bar

X

Unit 1

X

Unit 2

W

X

*WolfCreek
Nuclear
Operating Co.

Wolf Creek

XCEL Energy

Prairie Island

*

CE

W

X

Unit I

X

Unit 2

W

X

This is a list of participants in this project as of the date the final deliverable was completed. On occasion, additional
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PWROG International Member Participation for PA-MSC-1172, Task 2

PWROG Member

Applicable Plant Sites

Units

Original
Participant
Yes
No

Revision
Participant
Total
Ye tN
Participating
-

International:
Axpo AG

Beznau 1 & 2 (W)

2

EDF Energy Ltd.

Sizewell B

1

Electrabel (Belgian Utilities)

Doel 1, 2 & 4, Tihange 1 & 3

5

Electricit6 de France

58 Units

58

Electronuclear ETN

Angra 1

1

Hokkaido

Tomari 1 & 2 W-(MHI)

2

Eskom

Koeberg 1 & 2 (W)

2

Japan Atomic Power
Company

Tsuruga 2 (MHI)1

Kansai Electric Co., Ltd

Mihama 1, 2, & 3, Ohi 1, 2, 3
& 4,
Takahamna 1, 2, 3 & 4 (W &

__

11

MHI)
Korea Hydro and Nuclear
Power Corp.

Kori 1, 2, 3, & 46
Yonggwang 1 & 2 (W)
Yonggwang 3, 4, 5 & 6;8
Ulchin 3, 4, 5, & 6 (CE)

Kyushu

Genkai 1, 2, 3 & 4, Sendai 1 & 2
(W-MHI)

Nuklearna Elektrama Krgko

Krgko (W)1

Ringhals AB

Ringhals 2, 3 & 4 (W)

3

Shikoku

Ikata 1, 2 & 3 (W-MiHI)

3

Spanish Utilities

Asc6 1 & 2, Vandell6s 2,
Almaraz 1 & 2 (W)

5

Taiwan Power Co.

Maanshan 1 & 2 (W)

2

TOTAL PARTICIPATING:
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1

BACKGROUND AND INTRODUCTION

In June 2012, an ultrasonic (UT) examination was conducted at Doel Unit 3, to identify the presence of
under-clad cracks. No such cracks were found, but during this new type of inspection, conducted for the
first time in Belgium, several thousand flaw indications were detected in the base metal of the Doel 3
reactor pressure vessel, located mainly in the upper and lower core shells. As a precaution, similar
inspections were conducted in September 2012 on the Tihange 2 reactor pressure vessel, which is of
identical design and construction. Flaw indications were detected as well, but to a lesser extent.
Tractebel theorized [1] that these indications emerged during fabrication either during casting of the
ingots at Krupp Htittenwerke or during forging at Rotterdam Droogdok Maatschappij (RPM). However,
they were able to retrieve the original UT inspection reports of the forgings and all reports indicate
"acceptable." Extensive evaluations [2, 3, 4] have been completed of the Doel 3 and Tihange 2 units, and
permission has been granted for them to return to power.
This issue has raised questions regarding the possibility that US forged-ring vessels may also have such
indications. There are 21 PWR vessels with forged core shells currently operating in the US
Several European regulatory authorities have required some plants to conduct base metal inspections of
the forgings in order to address the issue. Concemn was expressed that the US NRC might require US
plants to also conduct similar inspections; the ASME Boiler & Pressure Vessel Code, Section XI, requires
inspection of vessel welds and adjacent areas, but inspections of the base metal areas of forgings remote
from the welds are not required. Nevertheless, because of the number and extent of the indications at
Doel Unit 3 and Tihange Unit 2, as well as subsequent media exposure, there is significant pressure to
promptly address this issue for US plants.
Based on recent informal discussions with senior NRC staff, the EPRI Primary Materials Management
Program (PMMiP) has recommended that the following action be taken:
PWRs with RPV core shell forgings should locate, retrieve, and review pertinentplant information
relating to thefabrication nondestructive examinations so they can confirm their plant(s) comply with the
generic information to be included in the summary reportprovided to the MRP by the PWROG-MSC.
The content of the utility s reply would address the following:
z. Have the plant-specific inspection records been reviewed and do they conform to the generic
information, technical discussion and conclusionsprovided by the PWROG-MSC?
ii.

Are the availableplant-specific records and NSSS NDEfabrication specifications deemed
sufficient to determine whether or not hydrogen-inducedfabricationdefects were present?

iii.

If the answer to (ii) is yes, does the combination ofplant-specific records and NSSS specifications
demonstrate an absence of hydrogen-inducedfabricationdefects?

The question for US operating plants then becomes: Is this review of the shop inspection records
sufficient to identify the presence or absence of such indications, or are additional inspections
needed?
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In order to address this question, as well as other NRC questions identified during the public meeting on
Doel Unit 3 [5], ultrasonic model simulations have been performed to demonstrate the laminar flaw
detection capability in the region of interest in the vessel thickness (inner half T) using the typical US
inspection practices employed to satisfy the American Society of Testing and Materials (ASTM)
requirements at the time of fabrication. For comparison, the inspection techniques described by Doel
Unit 3 for the shop and inservice inspection (ISI) were also benchmarked in order to provide a direct
comparison.
This report also provides background information on UT exams, ASTM A388, and the equipment
specifications (E-Specs) for the individual reactor vessels. Finally, this report provides detailed
discussion of how flaws discovered during the original UT examinations were handled and provides clear
technical input as to whether they pose any further issue related to the Doel-like indications.
Therefore, the purpose of this report is to evaluate the shop UT indication reporting criteria, which results
in the reporting of much smaller indications than the rejection criteria. The rejection criteria are specified
in the plant appropriate edition of ASMiE Section III. Even the extensive number of indications present in
Doel 3 was acceptable to ASMIE Section III criteria. However, the question was raised as to whether a
similar, although acceptable, condition could go unreported in domestic plants. The shop UT methods and
reporting criteria changed through the years and are contained in a myriad of specifications. Each set of
requirements for UT calibration and reporting threshold was modelled to determine the equivalent flat
bottom reflector sensitivity and compare these results to the reported flaw distribution from Doel 3.
This report is intended to cover the entire US PWR fleet affected by this issue, and does not contain plant
specific information. The plant specific application of this work is contained in separate transmittals to
the affected plants, which were completed under Task 1 of this project.
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2

FLAW CHARACTERIZATION

The Doel 3 indications were reported to be of quasi-laminar type and elliptical in shape. The plane of the
indications in all cases was reported either parallel to the inner/outer surface of the pressure vessel or off
that plane by 100 (and up to 140). The average diameter of the penny shaped indications is 15 mm (most
are below 12 mam). The largest flaw has a diameter of 30 mam. (The sizes given by Electrabel or the
Belgian authorities vary from one communication to another, but the limiting values found in the
available documents have been selected in the present description for conservatism).
There is a disparity in the flaw densities between the upper and the lower shell rings. The lower shell is
the most affected with a total of 7776 indications. The upper shell contains 931 indications. The other
parts of the reactor vessel contain some indications, but to a lesser extent, and the indications are of a
different nature in the transition ring.
The bulk of the indications are located in the base material, outside the weld regions, throughout a zone
extending from the clad interface to approximately mid wall. No indications were reported connected to
the wetted surface.
The lower ring being the more affected, additional details relative to the flaw densities have been
provided and are understood as follows. The clusters of indications in the lower ring of the vessel extend
over 1300 mm total in height and around the entire circumference. Over the height the distribution
through the wall thickness varies. The cluster exhibits a high density of indications closer to the inner
surface over a section of the forging spanning 500 mm vertically (the first 30 mm into the wall appears to
remain clean at all elevations), while over the remainder of the height the flaw density becomes higher in
a region closer to mid-wall.
Electrabel provided histograms of the flaw sizes and depth locations from the ISI results, which are
presented in Figures 5-1 and 5-2. These distributions were used as a guide in establishing the parameters
used for the ultrasonic simulations that were performed to compare standard US shop inspection practices
to the technique used for the Doel 3 and Tihange 2 reactor vessel forging shop inspections. Based on a
review of the limited number of in-service inspection (1S1) ultrasonic B scans (cross sectional view), the
individual indications are predominantly laminar with an aggregate slope of the cluster of indications at
100-12o, as shown in Figure 5-3 appearing more as a staircase than a ramp. The ISI results were obtained
with a focused transducer from the ID, which is described in Appendix A.
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REACTOR VESSEL FORGING SHOP ULTRASONIC INSPECTIONS

The Westinghouse and B&W fleet of reactor pressure vessels required an ultrasonic (UT) inspection of
the ring forgings prior to the cladding process, as specified by the Equipment Specification (E-spec).
Over the years, the E-spec referenced various versions of ASTM and ASME standards that specified the
ultrasonic response reporting and acceptance criteria. The UT inspection techniques used for the plants
with ring forgings are presented in Table 4-1. In most cases, the reporting criteria were specified in the
version of ASTM standard number A3 88 in place on the date of the contract signing; however, there was
an option to update to later editions of ASTM A388 by mutual consent of the fabricator and
Westinghouse. The UT procedures used for the shop examinations used these standards, and when they
were available in the electronic files for individual plants, the actual UT procedures were retrieved. The
relevant editions of ASTM A388 were the 1959, 1967 and 1971 editions, depending on contract date. In
addition, there were some ASME Code cases (N-1359 and N 1359-1) as well as a Pressure Vessel
Research Council document (PVRC 3) which contained alternate inspection requirements for calibration
and reporting. These details are reported for each of the participating plants in separate documerits
[9, 101. The E-Spec also had a requirement that a Westinghouse or manufacturer representative witnessed
and approved the forging UT.
The purpose of this review was to determine the sensitivity level for the shop inspections, so as to identify
the smallest flaw which would have been reportable in the region of interest (inner half T). Both of these
tasks were performed using the CIVA code Version 10.1 [6], a UT modeling code which was developed
by the French national laboratory CEA, located in Saclay. This code is widely used in Europe to
demonstrate UT capabilities. Both Westinghouse and Areva have licenses for this software to perform
ultrasonic modeling. The process will be illustrated by application to the Doel 3 and Tihange 2 Units,
below.
For the Doel 3 and Tihange 2 units, the relevant version of ASTM A3 88 specified a reporting criterion
which included any response that exceeded 10% (>-20 dB) of the nominal backwall signal. The shop
inspection was performed using a contact probe from the GD surface of the entire forging. Electrabel also
reported that the actual transducer used for the shop inspection was a Krautkramer B4S style, which is a
25 mm diameter, 4 MVHz transducer. A flat, circular transducer has an intrinsic focal depth that is
approximated by:
Focal depth

=

D2/ (4 * wave length)

where:
D

=

diameter of the transducer

In this case, this focal depth is approximately 100 mm (4 inches). Electrabel performed a simulation
study of the ultrasonic beam and expected response sensitivity using the CIVA program for Doel 3 and
Tihange 2. Accordingly, a CIVA simulation was performed using the original shop UT B4S transducer for
this report as a benchmark to compare the CIVA results with those reported by Electrabel on their web
page. The results compared very well.
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Both the Electrabel simulations and those performed for this report, for the B4S transducer, indicated that
a flat 5 mm diameter reflector anywhere through the thickness of the forging would have exceeded the
reporting threshold, so the vast majority of the indications reported in the Doel 3 and Tihange 2
inspections should have been reportable during the shop inspection. However, a 4 MHz transducer is also
highly directional, so flat, off angle flaws might not produce a signal exceeding the reporting threshold.
Based on the theoretical beam divergence calculation formula, the B4S transducer has a divergence half
angle of 4.10°, while the typical US practice used a 1" transducer with a divergence half angle of 7.4°.
Accordingly, the US inspections would be more sensitive to off angle flaws compared to the shop
inspection performed for Doel/Tihange. The Doel/Tihange shop inspections would be expected to detect
5 mm (0.2") FBH up to approximately 50 off angle. The US practices would be expected to see flaws,
depending on the specific approach, between 6.35-12 mm (1/4"-1/2") up to approximately 80 off angle.
The actual inspection that reported the large number of flaws was the 30 year ISI, which used techniques
different from the shop inspection, with focused transducers designed for three separate depth ranges. The
vast majority of indications were reported using a 60 mm diameter, 1.5 MHz transducer focused at
approximately the inner one third of the wall thickness. A simulation of the ISI inspection technique is
provided in Appendix A. The beam characteristics for this transducer show that it would be sensitive to
quasi-laminar flaws at an off angle. The primary purpose of this report is to compare the relative
sensitivities of the Belgian and US shop inspection techniques, so the discussion of the ISI was put into
the appendix.
Electrabel did several simulations including faceted reflectors and off angle reflectors, but for this study,
we only considered flat reflectors and compared these to the Doel/Tihange results to determine if the
presence of a large number of small reflectors would have been reportable using the normal US inspection
practices.
A cross sectional view of the sound beam simulation for the B4S transducer, used for the Doel 3 shop
inspection, is provided in Figure 3-1A and a top view of the beam profile at the focal depth is shown in
Figure 3-lB. The location of highest sensitivity is shown as the intense blue region, which is 90-100 mm
from the OD. This confirms the calculated focal depth of 100 mm discussed above. The cross section of
the B4S beam at the focal depth is 6.9 mm (0.27"). The ultrasonic responses for a range of flat bottom
hole sizes for this transducer are shown graphically as a function of depth in Figures 3-2 through 3-5.
For Doel and Tihange, the shop inspection practice (ASTM A388, 1971) set the nominal backwall as the
reference amplitude (0 dB) and reflectors exceeding 10% (-20 dB) was the reporting threshold.
Figures 3-2 through 3-5 show the reflection from reflectors of various diameters and depths along with
the remaining backwall signal throughout the forging thickness. The diamonds line is the reflection
amplitude from the flat bottom hole (FBH) and the squares line is the remaining backwall after being
affected by the coincident FBH. These plots show that flat reflectors > 5 mm would exceed the reporting
threshold, however the backwall signal does not disappear (-26 dB) for reflectors up to 20 mm in
diameter. This latter condition still meets the rejection criterion in ASME Section III, which also requires
this condition to be continuous for a 2"-3" diameter region. Thus, there are significant differences
between the reporting criteria and the rejection criteria. The emphasis of this report is on the reporting
criteria rather than the rejection criteria. The Doel/Tihange studies have shown that the quasi-laminar
indications did not approach the ASMVIE III rejection criteria.
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Figure 3-1A
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CIVA simulation of the sound beam cross section for the B4S transducer used for the
Doel and Tihange shop UT inspection of the forging. (4 Mhz, 25 mm diameter crystal,
isotropic carbon steel with a sound velocity of 5.9 mm/psec)
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Figure 3-lB CIVA simulation of the top view of the B4S beam at the focal depth indicating a beam
width of 6.9 mm (0.27")
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Figure 3-2

Ultrasonic responses to a 5 mm flat bottom hole (diamonds) and remaining backwall
(squares) for a B4S transducer on the OD of a 200 mm thick carbon steel forging.
The direct reflection from the FBH is always greater than -20 dB and, therefore
exceeds the reporting threshold. The remaining backwall reflection is only slightly
reduced and does not approach the rejection criteria of-26 dB. (OD surface is
0 depth, ID surface is 200 mm)
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Figure 3-3

Ultrasonic responses to a 10 mm FBH (diamonds) and remaining backwall (squares)
for a B4S transducer on the OD of a 200 mm thick carbon steel forging. Here the
reflections exceed the reporting threshold, but the remaining backwall exceeds the
FBH response. Some US inspections used the criteria of reflections exceeding the
remaining backwall as the reporting criteria. (OD surface is 0 depth, ID surface is
200 mm)
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Amplitude of Flat bottom hole in function of depth from outer
surface
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Figure 3-4

Ultrasonic responses to a 15 mm FBH (diamonds) and remaining backwall (squares)
for a B4S transducer on the OD of a 200 mm thick carbon steel forging. In this case,
the FBH reflection exceeds the remaining backwall, which was used as a reporting
criterion for some US inspections. Interpolating between the results in Figures 3-3
and 3-4, one would estimate that a reflector of 12 mm would exceed the remaining
backwall response. (OD surface is 0 depth, ID surface is 200 mam)
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Figure 3-5

Ultrasonic responses to a 20 mm FBH (diamonds) and remaining backwall (squares)
for a B4S transducer on the OD of a 200 mm thick carbon steel forging. Although the
FBH reflection exceeds the reporting criteria in this case, the remaining backwall
reflections still exceed -26 dB, so this condition is reportable, but not rejectable.
Additional simulations indicated that a 30 mm FBH would be required for the loss of
backwall criteria for rejection to be met. (OD surface is 0 depth, ID surface is
200 mm)
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FORGING INSPECTION PRACTICES FOR SHOP EXAMS IN THE
US: MODELING SIMULATIONS

The inspection processes have changed over the years based on later editions of ASME Section III
requirements (and, in some cases, criteria used before ASME III criteria existed). Available records were
reviewed to determine the various inspection techniques and reporting criteria used over the years. The
UT inspection techniques for the entire range of US plants are provided in Table 4-1. Different transducer
options were identified, but the actual transducer could not be identified in most cases. The range of
transducers was similar enough that the detection limits could be generalized. Over the period of interest
for US plants manufactured with ring forgings, ASTM A388 versions from 1959, 1967 and 1971 were
specified. The 1959 version was not specific in the reporting criteria, however, ASME III issued
two relevant code cases, N-1359 and N-1359-1 in 1965 and 1966 which specified reporting criteria. The
earlier code case specified a 0.75 inch (19.1 mm) diameter FBH and the latter specified indications
greater than the remaining backwall 0.5 inch (12.7 mm) FBH equivalent) for reporting. No contracts
were finalized during the time frame of the earlier code case (six months). The sensitivity of the later
code case was simulated, as shown later.
Four different transducers were allowed by specification for the US plants:
*
*
*
*

1" diameter, 2.25 MHz
1 1/8" diameter, 2.25 MHz
B2S, 24 mm, 2 MHz (virtually identical to the 1" diameter, 2.25 MHz, so those results apply)
B4S, 25 mm, 4 MHz (same as Doel/Tihange), discussed above
In general there were two approaches that were used for ultrasonic inspection and reporting, one
was based on the response to specified calibration reflectors that were located at various depths
through the forging, and the other was based on comparisons with the nominal backwall response
in the absence of a flaw. Using calibration reflectors, a distance amplitude curve (DAC)
representing the reflector signal amplitude was generated to compare responses in a forging
directly to the specified calibration reflector throughout the thickness. Over the years various
specifications identified a 0.25 inch (6.35 mm) diameter flat bottom hole (FBH), an 8 mm (0.32")
FBH or 0.5 inch (12.7 mm) diameter side drilled hole (SDH). The backwall comparison
techniques included 10% of nominal backwall, 20% reduction in backwall or reflectors greater
than the remaining backwall. In addition, various ultrasonic probes were allowed.
For the combinations of transducer and reporting criteria, the equivalent diameter FBH response
was determined using ultrasonic beam modeling (in some cases, combinations were considered
comparable or bounding, so not every possible combination was simulated). Since this value
could vary with depth into the forging, the maximum size FBH that would always be reportable
in the depth range of interest was used as the overall metric for each method. One should keep in
mind that during the actual scanning process, the normal practice for manual UT inspections was
to increase the instrument gain by a factor of 2-5 so that small reflectors would not go unnoticed.
If the calibration reference level was exceeded with this higher gain scanning, then the gain was
readjusted to the reference level for indication measurements for comparison to reference
reporting levels. This increased gain was used to add assurance that reflectors would not be
overlooked.
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As a brief guideline for evaluating the multiple graphs, the following explanations are provided:
Distance Amplitude Curve (DAC) methods:
For FBH calibrations, the reporting levels could have been 50% or 100% of DAC, so 100% was
assumed. Since a size was specified, this was used as the equivalent FBH sensitivity.
For the SDH calibrations, the equivalent FBH response was determined through modeling. For
these cases, both OD forging inspections and ID subassembly inspections were modeled. For the
subassembly inspections, the clad effects were assumed minimal and were not included in the
model.
Backwall (BW) Comparisons:
The modeling program works in the logarithmic dB scale. Some convenient values to keep in
mind for evaluating the various graphs are:
The nominal backwall is set to 0 dB for all graphs
10% BW equates to a reflector at -20 dB
20% reduction in backwall equates the backwall response dropping by -2 dB
Loss of backwall equates to the backwall response dropping by -26 dB
Each graph has the response for remaining backwall in the presence of the assumed flaw as well
as an assumed FBH response over a range of depths. All graphs were done in the metric system
and the tables provide a conversion value. In some cases, interpolation between graphs is
required, for examples for the case of when a reflector exceeds the remaining backwall.
Cross sectional beam profiles were calculated for each of these transducers, as shown in Figures 4-lA and
4-lB and Figures 4-2A and 4-2B. Detailed responses were calculated through the thickness of the
material for the latter two transducers. Compared to the B4S transducer (used in the Doel 3 and Tihange
2 shop examinations), the intrinsic focal depth for 2-2.25 MHz transducers is considerably closer to the
OD, as expected. Based on these views, for inspections performed from the OD, one would expect that
the sensitivity to laminations in the second half of the thickness (closer to the ID) would be reduced in
comparison to the shop inspection performed for Doel/Tihange with a 4 MHz transducer, which was
demonstrated in the simulation results. The focal spot size range of the transducers used was rather small,
ranging from 6.9 to 8.8 mm (0.271" to 0.346"), a range of only 0.075".
The initial shop UT inspections were performed prior to final machining when the forging was 1"- 1 ½A"
thicker. Final machining was performed on both the ID and OD. The important point to keep in mind is
that the Doel 3 and Tihange 2 ISI results report the depth location of the indications from the ID,
including the clad thickness (7- 10 mm, 0.28"-0.4"). The shop exams report the depth location from the
OD. Effectively, the cladding thickness replaces most of the material that was machined off. For the
simulations using the backwail technique, the difference in absolute thickness is negligible, since
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everything is normalized to the observed backwall. The important parameter when evaluating the various
curves is the relative distance from the backwall (ID of vessel) and the difference between cladding
versus carbon steel is also negligible at the lower frequencies used for US plants.
Depending on the contract year, several different reporting criteria were identified in the relevant E-spec.
CIVA simulations were calculated, as necessary, to obtain the equivalent FBH sensitivity for each
technique that was employed.
Table 4-1

Inspection Techniques Used for Shop Inspections

Category

*

Description

Table/Figure

A

1/4" (6.35 mm) FBH calibration reflector (no simulation required)

N/A*

B

8 mm (0.32") FBH calibration reflector (no simulation required)

N/A

C

10% (-20 dB) of nominal backwali for the 1" and 1 1/8" transducers
(equivalent to a ¼A"
(6.35 mm) FBH

(see Figures 4-7 and 4-8)

D

Indication greater than the remaining backwall for the 1" diameter
transducer (equivalent to a '/2" (13 mm) FBH)

(Interpolated from Figures
4-4 and 4-5)

E

1/2" diameter side drilled hole (SDH) (equivalent to a 0.32" (8 mm)
FBH from the OD

(see Table 4-2)

F

1/2" diameter SDH (equivalent to a 0.35" (9 mm) FBH) from the ID
after cladding

(see Table 4-3)

G

20% reduction in backwall response (equivalent to a 10 mm (0.4")
FBH)

(see Figure 4-4)

H

5% of nominal backwall when five indications occur within a 2" cube
(not modeled since it is not the limiting case)

N/A

N/A: No simulation required, so no Table or Figure is needed.
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Figure 4-1A

Beam cross sectional view for a 1" diameter, 2.25 MHz transducer. Top of image is
the forging OD and the bottom is the ID of a 200 mm thick forging. The intrinsic
focal depth is approximately 45 mm from the OD.
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Figure 4-1B

Top view of the sound beam at the focal depth for a 1" diameter, 2.25 MHz
transducer indicating a beam size of 7.3 mm compared to the B4S transducer with a
beam size of 6.9 mam.
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Figure 4-2A Beam cross sectional view for a 1 1/8" diameter, 2.25 MHz transducer. Top of image
is the forging OD and the bottom is the ID of a 200 mm thick forging. The intrinsic
focal depth is 65 mm from the OD.
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Figure 4-2B Top view of the sound beam at the focal depth for a 1 1/8" diameter, 2.25 MHz
transducer indicating a beam size of 8.8 mm compared to the B4S transducer with a
beam size of 6.9 mm.
Response simulations were run for the 1" diameter transducer using simulated reflectors of 5, 10, 15 and
20 mm FBHs at depths from 100 to 190 mm from the OD (or, equivalently, 10 to 100 mm from the ID)
and these were compared to the responses shown earlier for the B4S transducer. As expected based on the
beam profile, the responses at 2.25 MHz were slightly lower and the 5 mm FBH would fall below the
reporting threshold at a depth of 170 mm from the OD. However, in the region of interest between
100 and 170 mm from the OD, where the majority of the Doel indications were observed (see Section 5),
the 5 mm FBH response exceeds the reporting threshold. For a comparison to the ¼" threshold used, a
simulation was run for this size FBH (6.35 mm) and confirmed that this size reflector always exceeded
the reporting threshold. Additionally, the 1/A"
FBH (6.35 mm) was simulated for the 1 1/8" diameter
transducer and this technique also showed that this reflector always exceeded the reporting threshold. So,
for each of these inspection techniques using ¼" FBH or 10% of backwall would produce a response
exceeding the reporting threshold for a '/" FBH.
Figures 4-3 through 4-6 depict the response to reflectors of 5, 10, 15 and 20 mm FBHs at various depths
from the OD along with the remaining backwall for the 1" diameter, 2.25 MHz transducer. Figures 4-7
and 4-8 show the response for a ¼" (6.35 mm) diameter FBH for the 1" and 1 1/8" diameter transducers,
respectively. These plots indicate that the 10% of nominal backwall response reporting criterion would
result in indications >0.25 inch (6.35 mm) diameter exceeding the reporting threshold using either the 1"
or 1 1/8" diameter transducers.
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Amplitude of Flat bottom hole in function of depth from
outer surface
FBH diameter = 5 mm
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Figure 4-3

Ultrasonic responses to a 5 mm FBH (diamonds) and remaining backwall (squares) for
a 1" diameter, 2.25 MHz transducer on the OD of a 200 m m thick carbon steel forging.
(OD surface is 0 depth, ID surface is 200 mam). At a depth of 170 mm from the OD, this
reflector is below the -20dB reporting threshold.

Amplitude of Flat bottom hole in function of depth from outer surface
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Figure 4-4

Ultrasonic responses to a 10 mm FBH (diamonds) and remaining backwall (squares)
for a 1" diameter, 2.25 MHz transducer on the OD of a 200 mm thick carbon steel
forging. (OD surface is 0 depth, ID surface is 200 mm). This size flaw always exceeds
the reporting threshold.
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Amplitude of Flat bottom hole in function of depth from
outer surface
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Figure 4-5

Ultrasonic responses to a 15 mm FBH (diamonds) and remaining backwall (squares)
for a 1" diameter, 2.25 MHz transducer on the OD of a 200 mm thick carbon steel
forging. (OD surface is 0 depth, ID surface is 200 mm). This size flaw always exceeds
the reporting threshold.

Amplitude of Flat bottom hole in function of depth from
outer surface
FBH diameter = 20 mm
10
50
4.,

.1L

E

-5
-10
-15
-20

--4-- FBH
1

--- r"

so0

-- 1- Backwall echo

U

-25

Depth (mm)

Figure 4-6

Ultrasonic responses to a 20 mm FBH (diamonds) and remaining backwall (squares)
for a 1" diameter, 2.25 MHz transducer on the OD of a 200 mm thick carbon steel
forging. (OD surface is 0 depth, ID surface is 200 mam). This size flaw always exceeds
the reporting threshold.
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Amplitude of Flat bottom hole in function of depth from outer
surface
FBH diameter = 6,35 mm
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Figure 4-7 Ultrasonic responses to a 6.35 mm FBH (diamonds) and remaining backwall (squares)
for a 1" diameter, 2.25 MHz transducer on the OD of a 200 mm thick carbon steel
forging. (OD surface is 0 depth, ID surface is 200 mam). This size flaw always exceeds
the reporting threshold.
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Figure 4-8 Ultrasonic responses to a 6.35 mm FBH (diamonds) and remaining backwall (squares)
for a 1 1/8" diameter, 2.25 MHz transducer on the OD of a 200 mm thick carbon steel
forging. (OD surface is 0 depth, ID surface is 200 mm). This size flaw always exceeds
the reporting threshold.
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The responses for the 1" and 1 1/8" diameter transducers are within 0.5 dB of each other and are
considered equivalent.
Another reporting criterion was for responses that exceeded the remaining backwall reflection. Referring
to Figures 4-4 and 4-5, one can see that this occurs when the flaw is between 10 and 15 mm (diamonds
curve is above the squares curve), so a reporting threshold of 13 mm FBH was used by interpolation
between the plots.
Another option for the reporting criterion was a 20% (-2 dB) reduction in the backwall response.
Referring to Figure 4-4, this equates to a reporting threshold of 10 mm (0.4"). This figure demonstrates
that the threshold is 10 mm, because the backwall echo is reduced by more than -2 dB in the presence of a
flaw this size.
Using ASME Section III Code Case N-1359-1, the reporting criterion was based on indications exceeding
the remaining backwall, which is the equivalent response of a '/" diameter FBH sensitivity (reporting
category D). For some plants there was a second inspection required for the subassembly after the
cladding was weld deposited over the circumferential seam. For these inspections, the reporting criterion
was based on a '/" diameter SDH, inspecting from the ID. For the purpose of this simulation, the effect
of the cladding was ignored, since the wave length at 2.25 MHz is fairly large compared to the grain size
and experiments have shown in the past that the cladding effects are negligible. The results of these
simulations provided in Tables 4-2 and 4-3 (reporting category E) show that the OD inspection has an
equivalent FBH reporting threshold of 0.32" (8 mm) and the ID inspection has a threshold of 0.35"
(9 mam).
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Table 4-2

Relative response of FBHs compared to a ½A" diameter SDH using a 1 1/8" diameter, 2.25 MHz
transducer inspecting from the forging OD. Since the SDH is fairly large, the FBH location was
simulated at both the top elevation and mid plane of the SDH because it was unclear from the
specifications which depth would be called out for calibration. This effect was negligible. These
results show that an 8 mm FBH would exceed the reporting threshold, Category E. For these
simulations, a ½A" diameter SDH was modeled at 20, 40, 60 and 80 mm from the ID surface and
FBH responses at comparable depths were calculated for 6.35, 8 and 10 mm diameters to bound
the equivalent FBH response compared to the SDH calibration reflector.
FBH

SDH

Hole diameter

6.35 mm

8 mm

10 mm

12.5 mm

12.5 mm

Position from ID surface

20 mm

20 mm

20 mm

20 mm

26.25 mm

Echo amplitude (dB)

-18

-14.2

-10.6

-14.2

-14

Backwall echo amplitude (dB)

-1.4

-1!.9

-2.7

-8.5

-9.4

40 mm

40 mm

40 mm

40 mm

46.25 mm

Echo amplitude (dB)

-16.3

-12.6

-9.1

-13.1

-12.7

Backwall echo amplitude (dB)

-1.7

-2.4

-3.5

-10.9

-11.9

60 mm

60 mm

60 mm

60 mm

66.25 mm

Echo amplitude (dB)

-14.7

-11.1

-7.7

-11.9

-11.6

Backwall echo amplitude (dB)

-2.3

-3.6

-5

-13.6

-14.1

Position from ID surface

80 mm

80 mm

80 mm

80 mm

86.25 mm

Echo amplitude (dB)

-13.2

-9.6

-6.4

-10.8

-10.5

Backwall echo amplitude (dB)

-2.7

-4

-5.5

-14.1

-15.4

Position from ID surface

Position from ID surface
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Table 4-3

Relative response of FBHs compared to a ½A" diameter SDH using a 1 1/8" diameter, 2.25 MHz
transducer inspecting from the forging ID surface. Since the SDH is fairly large, the FBH
location was simulated at both the top elevation and mid plane of the SDH because it was
unclear from the specifications which depth would be called out for calibration. This effect
was negligible. By interpolation, these results show that a 9 mm FBH would exceed the
reporting threshold, Category F. For these simulations, a ½A" diameter SDH was modeled at
20, 40, 60 and 80 mm from the ID surface and FBH responses at comparable depths were
calculated for 6.35, 8 and 10 mm diameters to bound the equivalent FBH response compared to
the SDH calibration reflector.
FBH

SDH

6.35 mm

8 mm

10 mm

12.5 mm

12.5 mm

Position from ID surface

20 mm

20 mm

20 mm

20 mm

13.75 mm

Echo amplitude (dB)

-22.7

-17

-11.4

-13

-13.3

40 mm

40 mm

40 mm

40 mm

33.75 mm

Echo amplitude (dB)

-15.5

-12.3

-9.2

-12.1

-11.5

Position from ID surface

60 mm

60 mm

60 mm

60 mm

53.75 mm

Echo amplitude (dB)

-10.8

-7.8

-5.4

-9.5

-10.2

Position from ID surface

80 mm

80 mm

80 mm

80 mm

73.75 mm

Echo amplitude (dB)

-10.6

-7.3

-4.6

-9.2

-9.3

Hole diameter

Position from ID surface

In all situations, in addition to these analyses for single flaw detection, the various versions of ASTM
A388 and/or code cases had an additional criterion for reporting clustered flaws. Typically, this condition
was defined as five or more indications within a 2" cube, in which case the reporting threshold was
reduced by 50%. Therefore, if clustered flaws were present, the reporting threshold would be very low in
all cases for shop inspections.
Some inspections specified either a ¼" diameter FBH (reporting category A) or an 8 mm FBH (reporting
category B) for the reference response. These were not modeled since the equivalent FBH response is self
evident.
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DOEL 3 FLAW DISTRIBUTION

5

Electrabel provided histograms of flaw sizes and flaw depths, as shown for example in Figure 5-1 and 5-2
[7]. The ultrasonic modeling used the depth distribution to determine the relative sensitivity in this region
of the vessel wall for both the OD and ID inspection methods. Figure 5-3 shows a typical single plane B
scan (side view of UT response) and a 200 sector of response projected onto a single plane. Note in this
figure that the individual reflectors are predominantly laminar, but the aggregate collection of indications
step down in a staircase fashion at approximately 100.
For the ISI results, each indication was measured in the axial and circumferential direction and separate
histograms were plotted for these dimensions individually, as shown in Figure 5-1 (note that the vertical
axis scale differs between the plots). In general, individual indications were somewhat elliptical.
Also, the ISI practice included three separate 00 transducers zoned for different depths (0-30 mam, 30-120
mm and 120-200 mm). For the nearest depth range, the primary purpose of the inspection is to resolve
false positive signals for the under clad cracking (UCC) inspection, which are commonly caused by the
clad to base metal interface geometry. For the Doel 3 ISI, initially 158 potential UCC indications were
reported, all of which were resolved as false positives. This number of indications closely agrees with the
number of laminar indications in the 0-10 mm depth range shown in Figure 5-2, which is essentially the
nominal clad thickness. Recall that the clad thickness is included in the reported depth location for the
inspections in Belgium. As mentioned earlier, for the shop exams, there was no cladding, but the forging
was also somewhat thicker prior to final machining by approximately the same amount of thickness.
Based on the range of inspection methods employed for US reactor vessel forgings, the equivalent
reporting criteria ranged from a 0.25 inch (6.35 mam) to a 0.50 inch (12.7 mam) FBH. By observation of
the actual flaw distribution, the following can be concluded:
*

for the US inspections using the highest sensitivity of either a 0.25 inch (6.35 mam) FBH or 10%
of backwall, more than 6,000 of the reported indications at Doel 3 would have exceeded the
reporting threshold.

*

for US inspections using the minimum sensitivity based on responses exceeding remaining
backwall, approximately 800-1000 of the reported indications at Doel 3 would have exceeded the
threshold for reporting.

Therefore, in all cases, large numbers of such indications would have been reported.
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FLAW SIZE DISTRIBUTION
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Figure 5-1 Flaw Size Distribution for Doel 3 and Tihange 2 (Courtesy of Eiectrabel [7, 8])
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Figure 5-2 Flaw Depth Location Distribution for Doel 3 and Tihange 2 (Courtesy of Electrabel 171)
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IAccumulation

planes in 200 axial sector
of all

Indications appear
to be nearly

laminar and form a
cluster sinking
with increasing

altitude, from the
inner surface up to
a depth of about
120 mam.

Figure 5.3:

Typical Doel 3 ISI single plane B scan (cross section view) and aggregate B scan of a
200 degree sector showing that the individual indications are predominantly laminar
with an aggregate cluster slope of 10°-12°. (NRC public meeting slides, March 5,
2013)
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CONCLUSIONS

The modeling results conclude that the standard practices for forging inspections of vessels fabricated to
US standards and specifications during fabrication were somewhat less sensitive than the inservice
technique recently used at Doel 3. However, the methods employed were adequate to determine if
extensive small laminations were present in the forged rings. The specifications used for these
inspections contained requirements and criteria that would have resulted in reporting of such indications.
The additional requirement for reporting clustered flaws (2" cube with five or more) serves to increase the
probability of recording a large number of small flaws, should they exist in a forging.
Therefore, it has been demonstrated that the US practices had a reporting threshold between ¼/" and ½"
FBH. If any US plants had indications such as found at Doel 3 and Tihange 2, such indications would
have been reported as a result of the shop UT examination. For this reason, it may be concluded that
there is no need for additional examinations to be performed.
Appendix B provides a graphical representation of the relative flat bottom hole (FBH) equivalent
sensitivity for each of the techniques listed in Table 4-1 (A-G) with respect to the reported flaw size
distribution from Doel 3/Tihange 2. From Figure B- 1, it is seen that any of the inspection techniques and
reporting criteria used for US reactor vessel forgings would have led to the reporting of a very large
number of the indications found at Doel 3. The plant specific equivalent sensitivity is provided in a
separate letter to each individual plant.
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APPENDIX A

DOEL 3/TIHANGE 2 ISI METHODS
The Belgian plants initiated an in-service inspection (ISI) program for underclad cracking detection,
similar to the requirements in ASME XI, Appendix VIII, Supplement 4 for reactor vessel ISI. The actual
practice for crack detection used a 60 degree longitudinal wave aimed in four directions with a water
standoff probe. Ultrasonic signals were compared to the calibration reflector response (2 mm side drilled
hole (SDH)) at various depths in the first 30 mm from the ID of the cladding surface. The inspection
tooling uses a central mast design, so the transducer motion describes a circle, thus producing a varying
water path in the slightly oval vessel. A focused 00 ultrasonic probe is used to measure the actual water
path and correct the signal gating timing among the angle beams and 00 beam. In addition to measuring
the water path, the 00 probe is also used to distinguish between clad interface signals and inclusions from
actual crack tips. Due to the very high sensitivity of the angle beam examinations, false positive tip
responses are fairly common and the 00 results are used to discriminate between volumetric and diffracted
crack tip responses. Several such false positives were reported in the initial Doel 3 inspection in 2012 and
all were successfully dispositioned as non crack like responses.
The Belgian ISI process also includes 00 inspections for the full thickness of the forging, split into three
zones. A focused 0° is used for the first 30 mm (including cladding thickness) and separate transducers
are used for 30-120 mm and 120-200 mam. Based on information provided by Electrabel, the transducer
used for the 30-120 mm zone is a 60 mm diameter focused transducer (1.5 MHz). This is the zone where
the indications of interest were reported. The specific details of this transducer were not publicly
available, so an illustrative example of this type of transducer was simulated to demonstrate the expected
response from this inspection approach. One must also recall that the calibration response is now
compared to the response from a 2 mm SDH rather than the backwall, which is more than an order of
magnitude more sensitive reporting criteria.
The illustrative example for a focused probe assumed a 50 mm water standoff, 60 mm probe diameter and
a focal depth of 85 mm in the steel. By observing the beam profile side view depicted in Figure A-I, it is
obvious that the area of interest in the RPV wall is primarily in the depth zone where the sound beam is
converging (ultrasonic near field) with the peripheral sound beam rays propagating at an off normal angle.
This type of probe design would have much higher sensitivity to flaws that were off angle from laminar in
the range of 100. Figures A-2 and A-3 show the simulated response at 100 mm below the surface for a
5 mm flaw normal to the sound beam and tilted 100. The amplitude loss is only about 3 dB and would not
prevent reporting this type of flaw.
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Figure A-i

Side view of the beam profile and central beam amplitude plot for a 60 mm diameter,
1.5 MHz transducer focused at 85 mm in steel (50 mm water path) showing the
converging sound rays in the inner volume of the forging.

Figure A-2

UT response to a simulated laminar flaw 5 mm x 5 mm 100 mm below the surface.
Left image is a side view (B scan) showing ID surface (top), flaw and backwall
(horizontal cursor). Right view is the UT signal trace (A scan) showing the front
surface, simulated flaw, back wall and second backwall reflections. In this view, the
transducer is translated over the ID surface (horizontal in the B Scan) with color
coded amplitude displayed as a function of depth into the material (vertical in the
B Scan). The continuous line response with the cursor superimposed is the back wall
response and the shorter response is the 5 mm FBH.
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Figure A-3

Same as Figure A-2, but simulated flaw tilted at 100, the amplitude decrease is
approximately 3 dB. In this view, the transducer is translated over the ID surface
(horizontal in the B Scan) with color coded amplitude displayed as a function of depth
into the material (vertical in the B Scan). The continuous line response with the
cursor superimposed is the back wall response and the shorter response is the tilted
5 mm FBH.
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APPENDIX B
FLAW HISTOGRAM
This appendix provides a graphical representation of the relative flat bottom hole (FBH) equivalent
sensitivity for each of the techniques listed in Table 4-1 (A-G) with respect to the reported flaw size
distribution from the recent inspections of Doel 3/Tihange 2. The plant specific equivalent sensitivity is
provided in a separate communication to each individual plant. All the report category threshold results
may be summarized in a single Figure, B-i, which is below.
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Flaw histogram as reported by Electrabel, with report categories for reportable
inspection criteria from Table 4-1.
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