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Abstract

This report summarizes work performed by Argonne National Laboratory on the Steam
Generator Tube Integrity Program from the inception of that program in August 1995
through March 1996. The program is divided into five tasks, namely (1) Assessment of
Inspection Reliability, (2) Research on ISl (in-service-inspection) Technology, (3)
Research on Degradation Modes and Integrity, (4) Development of Methodology and
Technical Requirements for Current and Emerging Regulatory Issues, and {5) Program
Management. Under Task 1, progress is reported on the preparation of and evaluation of
nondestructive evaluation (NDE) techniques for inspecting a mock-up steam generator for
round-robin testing, the development of better ways to correlate burst pressure and leak
rate with eddy current (EC) signals, the inspection of sleeved tubes, workshop and training
activities, and the evaluation of emerging NDE technology. Under Task 2, resul's are
reported on closed-form solutions and finite element electromagnetic modeling of EC
probe response for various probe designs and flaw characteristics. Under Task 3, facilities
are being designed and built for the production of cracked tubes under aggressive and
near-prototypical conditions and for the testing of flawed and unflawed tubes under normal
operating, accident, and severe accident conditions. In addition, crack behavior and
stability are being modeled to provide guidance on test facility design, to develop an
improved understanding of the expected rupture behavior of tubes with circumferential
cracks, and to predict the behavior of flawed and unflawed tubes under severe accident
conditions. Task 4 is concerned with the cracking and failure of tubes that have been
repaired by sleeving, and with a review of literature on this subject.
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Executive Summary

Assessment of Inspection Reliability

As part of the assessment of the in-service inspection (ISI) of steam generator (SG)
tubes, a mock-up steam generator will be used for round robins (RR) test: and as a
resource to assess new technology. The mock-up contains 400 tube openings, each with a
3.66-m (12-ft) length of tubing. Tubes will include a variety of defects and artifacts. The
capabilities of a variety of eddy current (EC) and ultrasonic testing (UT) techniques to
characte-ize the defects in the mock-up tubes are being evaluated. Twenty Alloy 600 tube
specimens with a variety of flaws grown under laboratory conditions are being used for this
evaluation. Estimates of the depth and length of the flaws, based on UT inspections using
high frequency diffraction, Lamb wave, and amplitude drop methods, were performed by
several experts in this area. Depth and length estimates were also made using eddy
current techniques. Rotating-pancake-coil (RPC), multicoil-array, polarized-probe, and
neural-network algorithms were used. Although results are preliminary, a clear trend is
evident. The UT techniques appear to overestimate the depth of the crack in most cases
and particularly so for shallow cracks. The estimates obtained by the neural-network
analysis of EC data are better than those provided by most of the other techniques and
significant tmprovements in accuracy can be expected when optimized training sets are
used.

The twenty specimens contain longitudinal outer- and inner-surface cracks,
circumferential outer- and inner-surface cracks, and intergranular attack (IGA). The
preliminary estimates suggest that no one defect type appears easier to characterize than
any other by either ultrasonic or neural-network analysis. It is somewhat easier to measure
crack length than crack depth. Although length estimates obtained with EC probes are
expected to be shorter than those obtained by UT technigues, because the threshold for
detecting a crack is higher with EC methods, the preliminary data do not provide clear
evidence for the validity of such a hypothesis.

The ultrascnic techniques provide better resolution than EC techniques and, as a
result, cracks that may not appear to be segmented with EC analysis do ..opear as
segmented on ultrasonic interrogation. Ultrasonic Lamb waves can be used to provide a
good image of circumferential defects.

A Committee on Nuclear Regulatory Activities/Committee on the Safety of Nuclear
Installations (CNRA/CSNI) Workshop on Steam Generator Tube Integrity in Nuclear Power
Plants was held at Oak Brook, IL, October 30-November 2, 1995. One of the panel sessions
addressed inspection issues. The consensus was that the most critical type flaw that must
be characterized is SCC, that it is not related to a single degradation mode, and that the
crack growth rate is the key factor in understanding the consequences of SCC in SG tubing.
In the future, in order to better characterize the integrity of degraded tubing, personnel in
a growing number of plants will clearly need to improve their ability to nondestructively
detect and size cracks in SG tubing.

xiit NUREG/CR-6511, Vol. 1




The issue of circumferential stress corrosion cracking (SC( 5 tubes was reviewed.
The present capabilities of EC and UT techniques to detect circumferential cracking were
compared during this workshop. Eddy current testing with an RPC was considered to be a
well-established method with a detection threshold of about 50% throughwall. While
ultrasonic techniques may have the potential for higher spatial resolution and greater
sensitivity, they are more likely to produce false positive calls. At present the techniques
are complementary. Some cracks found by UT may not be found by EC testing because
they are too shallow to be detected. Some cracks detected by EC testing may not be
detected by UT because ultrasonic signals from roll transitions can be confusing.

Although there has been substantial progress in the development of techniques for
inspection, improvements in the probability of detection (POD) and measurement of cracks
are needed, along with improvements in the qualification of POD and measuring
procedures. To obiain a POD with a high degree of confidence, 400 pulled tubes with
defects are needed, including pulled tubes without significant nondestructive evaluation
(NDE) signals. The inspection panel participants also pointed out that, while the prescmt
data provide a correlation between voltage and burst pressure, scatter in the data makes
the 95% confidence limits on the correlation very broad. An improved empirical
correlation would be very desirable, Improvements in signal analysis (e.g., application of
neural-network algorithms) are being explored in this program to find a better method of
correlating burst pressure and leak rate with EC data.

Many aspects of in-service inspection (ISI) that may affect inspection reliability are
being reviewed. Neural-network technology has been applied to the analysis of EC data
with good results, even with limited samples. It may be possible to improve neural
networks so they are betwr than conventional pattern recognition techniques in the area
of data analysis and interpretation. Inspection reliability could aiso be improved by signal
analysis techniques that would simplify the interpretation of the data. It is possible that an
image of the defects can be reconstructed from EC data but the reconstruction depends
on the diffusion equation and one must rely on indirect algorithmic approaches to solve the
inverse problem. The alternative to the inverse problem for EC technigues may be to use
pattern recognition algorithms to interpret the signals.

Improvements in inspection reliability may also be achieved througi' =+ & use of digital
signal processing that may dramatically improve our capability to extract information from
an EC probe. Digital filters could be used to solve problems that are now approached with
multi-frequency te: hniques such as the elimination of signals from tube support plates.

Research on I8, Technolony

The objective of this task is to evaluate advanced NDE and signal znalysis techniques
for reliable ISI of original and repaired SG tubes. Improved correlation between EC results
and flaw morphology, leak rate and failure pressure will be examined. The implementation
of degradation-specific management requires detailed knowledge about the specific nature
and severity of flaws. Ilmproved techniques (EC and others) are needed for more reliable
detection and assessment of flaws. Furthermore, the robustness of EC measurement
parameters and techniques must be evaluated with respect to their range of applicability.
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Analytical modeling is being used to help understand the relationship between signal
characteristics and the nature of the defect. Different electromagnetic (EM) modeling
approaches that can simulate the F( probe response for NDE of SG tubing have been
evaluated. The approaches consisted of closed form analytical solutions volume integral
techniques, and finite element solutions. Although the finite element method (FEM) is the
most computationally intensive te hnique, it is also the most flexible and the only one that
can accurately model complex geometries The current software being used at ANL is a
commercial, general purpose three dimensional (3-D) FEM-based code that is a versatile
research tool cap. e of precise modeling of the complex geometries that are often
encountered in ISI of SG tubing Sample calculations with both differential bobbin coil and
absolute pancake coil (RPC) have been carried out to model two types of calibration
standard defects, namely a flat bottom hole and a circumferential outside-surface notch
Ultimately, the code will be used to model more complex crack-type defect geometries
'he computer-aided design-based (CAD) mesh generating pre-processor of the software
allows incorporation of various material property variations (e E.. presence of magnetite and
copper deposits), as well as modeling of complex geometrical variations (e.g.. defect prone

areas, such as baffle plates, and roll expanded and crevice regions)

A series of FORTRAN programs, which were originally developed at Oak Ridge National
laboratory (ORNL) and used for the design and analysis of EC SG problems of inierest to the
U.S. Nuclear Regulatory Commission (NRC), have also been modified to run on the
platforms available at ANL Separate computation and visualization software is currently
utilized to process and display the outcomes of these programs. Because of the limited
problem geometries that can be treated and the underlying assumptions in the formulation
method, programs that are based on closed-form EM solutions can run with minimal
Computational resources They can be used to simulate the impedance response to
axisymmetric geometries for standard differential and absolute EC probes. These codes
will be used to check the results of computationally intensive FEM solutions that can better
simulate realistic flaw geometry and as a tool to analyze and determine EC probe and test

parameters for general test case s enarios

The research on improved EC inspection of steam generator tubes will focus primarily
on the development of analytical and computational methods for the prediction of E(
response as a function of probe design, flaw characteristics and material properties, and
on the development of signal analysis procedures for improved detection and
Characterization. The reliability and eflectiveness of improved inspection techniques will
be demonstrated through laboratory testing of the o6 tube bundle mock up and of SG tubes

that contain various flaws, Final validation will utilize in-service-degraded SG tubing
Research on [De gradation Modes and Integrity

I'he objective of this task 1S to evaluate and experimentally validate models to predict
potential degradation modes progression rates leak /rupture behavior failure pressures
and leak rates for SG tubes and for repaired tubes under normal operating. ace ident, and
severe accident conditions Initial efforts have concentrated on the design and

construction of experimental fac ilities for the production of flawed tubing and the rupture

and leak-rate testing of flawed and unflawec tubing under a wide range of conditions. The

facilities under design and construction are autoclave systems in which tubes will be
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cracked under accelerated (chemically aggressive) conditions: a model boiler facility where
tubes will be cracked under more nearly prototypic conditions; a blowdown facility in
which tube-rupture and leak-rate tests will be conducted under simulated SG operating
conditions: a high-temperature, severe-accident, tube-rupture facility: and a high-pressure

tube-rupture and leak-rate test facility

Two autoclave systems are being constructed for the production of cracked specimens
for use in subsequent tube-rupture and leak-rate tests and for the evaluation of NDE
equipment and techniques. Six tubular specimens will be simultaneously expused at

pressurized water reactor (PWR) SG operating temperatures to aggressive secondary-water

chemistries at the outer surface. The specimens will be plugged at the bottom and
pressurized from the top by means of an independent refreshed primary-water system 1o
provide internal pressure loading Individual valving of the six specimens will permit
continuation of a given run after one or more of the specimens has developed a leaking
crack. Ail of the components of the autoclave system have been ordered and delivered

Assembly of the first system is essentially complete, and initial check-out tests are about to

begin

A single-tube model boiler facility is being designed that can produce ODSCC crac ks in
tubes under near-prototypic secondary-side-water conditions To avoid the cost and
complexity associated with previous forced-circulation model boilers, ANL has settled on a
simplified convective-flow design that utilizes a primary side reflux boiler, a secondary-side
convective-flow loop, and a simulated tubesheet crevice configuration A first-cut design of
the reflux boiler and the secondary-side vessel has been completed, and requests for bids
on the major components have been issued t potential manufacturers. Work continues on

modeling of the performance of the apparatus

A tube-rupture and leak-rate blowdown test lac {lity will be used to obtain data on burst
pressures, failure modes and leak rates of flawed tubing at temperatures up to 343°C
(650°F), pressures of 21 MPa (3000 psi) and pressurized-water flow rates of up to 760
L/min (200 gal/min). The important features ol the facilitv include a large 760-L (200-gal.)
blowdown vessel water inventory to ensure high stable flow rate capability and to permit
continued testing of initially stable leaking cracks; piping and valves of an appropriate size
to minimize pressure drop in the supply line to the flawed tube and thereby permit high
flow rates: the use of a downstream back-pressure regulator valve to control tube
secondary-side pressure and thereby minimize nonprototypic wo phase flow from
entering the tube: and computer feedback valve control to allow programmed ramps of the
pressure differential across the tube Flawed tubing for testing in this facility can come
from three sources: (1) the severe chemistry autoclave cracking facilities, (2) the model
boiler test facility, and (3) electro-discharge machining The design of the facility is
complete, and major components are being acquired. Modifications to the laboratory area
for the installation of this equipment are underway, and an existing computer control room

is being upgraded

Modeling studies on crack stability and leak rate behavior have been conducted to aid
the design of the Tube-Rupture and Leak-Rate Blowdown Test Fac ility described above
Analvtical models were used to estimate critical crack sizes, leak before burst behavior, and

expected leak rates for axial and circumferential cracks of various lengths and depths in




order to help assure that the facility has sufficient capacity and appropriate operating
characteristics. These studies estimated the pressure increase and associated flow that is
required to make a short, deep non-through wall cracks which will first break the
remaining ligament and go through the wall grow in length. For example, a 12.7-mm (0.5-
in.) crack with a/t=0.9 (90% through wall) will grow through wall and begin to leak at
=1600 psi. As the pressure is increased from 11 to 30 MPa (1600 to 4400 psi), the crack
will open more and leakage will increase, but the crack will not grow in length until the
pressure reaches =30 MPa (4400 psi). At this pressure the crack can grow unstably in
length, f.e., “burst.” In order to make the tube “burst,” the test system must be able to
achieve a pressure of 30 MPa (4400 psi) with the crack leaking.

Shallower, longer cracks will actually “burst” without significant prior leakage because
they will not break through and leak until the pressure is much higher than that required
to cause a through wall crack of the same length to extend unstably. For example, a 1 in.
crack with a/t = 0.5 will not leak until p =37 MPa (5400 psi). However, once the
remaining ligament tears and the crack goes through wall, the pressure is well above that
required to extend a through-wall 25-mm (1-in. crack), i.e., =18 MPa or 2600 psi). The
maximum flow through the crack and maximum pressure that the tube can withstand
without the crack becoming unstable and growing rapidly were also calculated as a function
of crack length. Once the crack goes unstible, it is impossible to predict the leak area,
and the resulting flow rates could be close to those for a double ended rupture (1720 and
2460 L/min [455 and 650 gpm| for 19.1 and 22.2-mm [0.750 and 0.875-in.] OD tubing,
respectively). Cracks longer than =56 mm (2.2 in) would be unstable under normal
operating conditions, and the maximum flow rate through any stable crack will be =300
L/min (80 gpm) under single-phase flow.

Because the high-flow facility is limited to 3000 psi, a low temperature tube-rupture
and leak-rate test facility is being constructed to perform tests at pressures up to 52 MPa
(7.500 psi) and flow rates up to 45.4 L/min (12 gal/min). The system utilizes a high-
pressure positive-displacement triplex pump to supply water at pressures up to 42 MPa
(7,500 psi), and a fixed flow rate of 45.4 L/min (12 gal/min). This facility can be use to
verify SG tube design margins for smaller flaws. It has sufficient flow capacity that most of
the tests can be performed without the need to introduce a bladder to prevent leakage.
The components for the system have been procured, but the facility will not be made
operational under the high-flow test facility has been completed.

A high-temprature facility has been constructed to study the failure of flawed and
unflawed tubes at the very high temperatures corresponding to severe accident conditions.
The facility basically consists of a length of SG tube placed in a furnace, closed off at one
end, and connected to a high-pressure nitrogen gas supply by suitable valving at the other
end. During a test, the specimen is stabilized at a nominal SG operating temperature of
300°C (572°F) and a fixed internal pressure. The temperature is then ramped up at a
predetermined rate until specimen failure occurs. Check-out tests have been completed,
and the first of a series of tests on flawed and unflawed tubes with calculated temperature
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histories for severe accident scenarios has been conducted. The scenario under
investigation represent the thermal history associated by a total station blackout with a
stuck-open SG secondary-side atmospheric dump valve, resulting in loss of feedwater and
secondary-side depressurization. Two time/temperature histories, based upon severe
accident analyses by INEL and EPRI, have been considered in the initial tests.

In addition to the test program analyses of the failure pressure of tubes under severe
accident conditions (‘.e., T>350°C) have been conducted. At these higher temperatures,
plastic deformation is likely to be much more extensive than at normal reactor operating
temperatures, and creep effects may no longer be negligible. The modeling efforts attempt
to predict failure times and temperatures under the two time/temperature liistories used
in the experimental program. '

Two different predictive models are being evaluated, namely the flow stress model and
the creep rupture model. The flow stress model assumes that failure occurs when the
applied hoop stress in the tube becomes equal to the flow stress of the material, which is
typically taken to be the average of the yield and ultimate tensile strengths. For a tube
containing a pre-existing flaw, the actual hoop stress at the flaw i¢ equal to the nominal
hoop stress multiplied by a stress multiplication factor, and three expressions for this
multiplication factor are being evaluated. All three formulations of the flow stress models
are found to predict the burst temperatures of unflawed tubes reasonably well for the INEL
temperature ramp tests. The predicted failure temperatures for flawed tubes are
conservative (i.e., less than the experimental temperatures) in all cases, but particularly so
for the shorter and deeper cracks.

The creep rupture model assumes a linear summation of creep damage in terms of
time under stress divided by the time to fail by creep rupture at that stiess. These
incremental damage fractions are integrated over the stress vs. time history for the tube,
and fatlure is predicted when this integrated damage fraction is equal to unity. The stress
magnification factors used for the flow stress unalyses of throughwall and part-through
cracks are also assumed to be applicable to the case of creep. The time to creep rupture
used in the damage fraction calculations was determined using Larson-Miller parameter
correlations for Alloy 600. The failure temperatures for the INEL temperature-ramp tests
are still under-predicted, but they are much closer to the those observed in the
experiments than those predicted by the flow stress models. In particular, they are quite
close for the longer cracks.

The failure of tubes with circumferential cracks is also being examined. For
circumferential cracks the effect of lateral constraint (e.g., by tube support plates) on
failure pressure is significant. For the free-bending (unconstrained) case, tubes with 180°
and 240° through-wall circumferential cracks were found to reach maximum pressures at a
rotation of =8°. This is in agreement with the experimental observation that tubes appear
to fail at a fixed rotation of the cracked section. Preliminary results for the constrained
cases show that the maximum pressures are increased substantially. Models are available
for the case of free- bending and for the case of complete constraint. A simplified beam
bending model for the case of intermediate constraint is also being developed.
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Development of Methodology and Technical Requirements for Current
and Emerging Regulatory Issues

The objective of this task is to use the data, results, correlations and modeling that
were assembled in work under the first three objectives to provide technical assessments
and evaluations of current and emerging regulatory issues related to SG tube integrity.
Included are items such as confirmatory research on existing and new models, evaluation
of tube repair methods, and input and assessment of the new rule and regulatory guide on
SG tube integrity.

Present activities under this task are concentrating on the compilation of data and
evaluation of SG tube repair techniques and qualifications. The principal repair techniques
under evaluation include sleeving and other methods of direct tube repair e.g.,
electroplating, weldment additions, and an autogeneous remelt process. The current
effort is focused on collecting information on various sleeve designs and their qualification.
Test methods to qualify the installation processes and to verify that the resistance of the
sleeved tubes to SCC is acceptable are being evaluated. Process and material variables that
may be relevant to qualification testing are being defined.
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Acronyms and Abbreviations

ABB ASEA Brown-Boveri

AECL Atomic Energy of Canada, Ltd

ANL Argonne National Laboratory

APC absolute pancake colil

ASME American Society of Mechanical Engineers

AVB antivibration bars

BC bobbin coil

CAD computer-aided design

CIDSCC circumferential inner diameter stress corrosion crack/cracking
CSF conjugate spectrum filters

CNRA Committee on Nuclear Regulatory Activities
CODSOC circumferential outer diameter stress corrosion crack/crac king
CSNI Committee on the Safety of Nuclear Installations
DAS data acquisition system

DBC differential bobbin coil

DSF defect sensitivity factor

EC eddy current

EC1 eddy current testing

EDF Electricité de France

EDM electro-discharge machining

EM electromagnetic

EPRI Electric Power Research Institute

FEM finite-element method

FM flow meter

HEJ hybrid expansion joints

1D inner diameter

1E integral equations

IGA intergranular attack

INEI Idaho National Engineering Laboratory

I1S] in-service inspection

LIDSC( longitudinal inner-diameter stress corrosion crack/crac king
LMP Larson-Miller parameter

LODSCX longitudinal outer diameter stress corrosion crack/crac king
LWS laser-welded sleeves

MM moment method

MRP( motorized rotating pancake cotl

MS DOS Microsoft™ disk operating system

MSLB main steamline break

NDE nondestructive evaluation

NR( U.S. Nuclear Regulatory Commission

oD outer diameter

ODSCC outer diameter stress corrosion crack/crac king
ORNI Oak Ridge National Laboratory

[ (IBM) personal computer; pancake coil

PIS( Program for Inspection of Steel Components
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Pacific Northwest National Laboratory
probability of detection

pressurized water reactor
primary-water stress corrosion crack/cracking
rotating pancake coil

round robin

remote-field eddy current

stress corrosion crack/cracking
steam generator

stainless steel

time of flight

transmit/receive

throughwall

ultrasonic testing
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1 introduction

The objective of this program is to provide the experimental data and predictive
correlations and models that are needed to permit the U.S. Nuclear Regulatory
Commission (NRC) to independently evaluate the integrity of steam generator (SG) tubes as
plants age and degradation proceeds, new forms of degradation appear, and new defect
specific management schemes are implemented. The areas addressed by the program
include assessment of procedures and equipment used for in-service inspection (ISI) of SG
tubes, and recommendations for criteria and requirements to improve the reliability and
accuracy of ISI; validation and improvement of correlations and models that are used to
evaluate integrity and leakage of degraded SG tubes; and validation and improvement of
correlations and models that predict the generation and progression of degradation in SG
tubes as a function of aging, including the effects of the operational environment such as
temperature, dry-out and concentration conditions, stresses, and primary- and secondary-
side water chemistry.

The studies in this program focus primarily on Alloy 600 SG tubing in the mill-
annealed condition, because this is the tubing material that is (and will be) present in
plants that have not replaced SGs and is more susceptible to cracking than replacement
materials such as thermally treated Alloy 600 or 690. Although most SGs that use mill-
annealed Alloy 600 will probably require eventual replacement, the behavior of this
material will be of concern for many more years. Thermally-treated Alloy 600 and 690 will
also be tested. Although these alloys are expected to be much less susceptible to
degradation than mill-annealed Alloy 600, it is still necessary that we be able to predict
their behaviors.

The bulk of the materials used in the program will be exposed to simulated operating
conditions and environments during laboratory testing. Because some of the laboratory
environmental conditions represent accelerated conditions, and because service
degradation, tubing conditions, and in-service operating and inspection conditions cannot
always be faithfully represented in laboratory conditions and specimens, this program will
seek and use service-degraded tubing and perform in-situ inspections of generators
removed from service for correlation with and validation of experimental data, integrity
ani degradation predictive models, and inspection capability. Comparisons will be made
with the morphology and character of service-degraded flaws to help ensure that the flaws
procuced in the laboratory and used for studies on inspection reliability, burst, and leak
testir+ will be as realistic as possible. The reliability of flaw detection and accuracy of flaw
sizing data will also be assessed with typical ISI personnel, procedures, and equipment.

This program is divided into four technics' tasks and one management task:
1.  Assessment of Inspection Reliability
2. Research on ISI Technology

3. Research on Degradation Modes and Integrity
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4. Development of Methodology and Technical Assessments for Current and Emerging
Regulatory Issues

5. Program Management

This semiannual report, the first progress report for this program, describes activities
since the inception of the program in August 1995,
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2 Assessment of Inspection Reliability (D. S. Kupperman and
S. Bakhtiari)

The objective of the inspection task is to evaluate and quantify the reliability of current
and emerging inspection technology for current-day flaws [i.e., establish probability of
detection, (POD)], correlate nondestructive evaluation (NDE) parameters with structural
integrity, and establish the capability to size cracks. The reliability and accuracy of the
techniques must be quantified so that plugging criteria and the consequences of degraded
tubes that remain in service after inspection can be evaluated. Eddy current (EC) and
other NDE techniques that are currently used for SG tube 1Sls are being evaluated with
respect to probability of flaw detection and accuracy of sizing. The consequences of
degraded tubes that remain in service after inspections can then be evaluated. The
methods and test parameters under investigation are those currently used for various
forms (and locations) of degradation. The results of the NDE will be validated by
inspection and destructive evaluation of service-degraded tubing,

This program will require an evaluation of results of a round-robin (RR) test that will
be conducted by commercial ISl teams. The RR test will include both EC and ultrasonic
test (UT) methods. Teams will report the flaw types, sizes, and locations, as well as other
commonly used parameters such as voltage responses from the EC tests. Much of this
testing will be performed on the SG tube bundle mock-up with laboratory-degraded tubes
that is being developed at Pacific Northwest National Laboratory (PNNL). This mock-up
will be moved to Argonne National Laboratory (ANL) in FY 96, where it will be set up for RR
testing. The activities under this task will be coordinated with the RR testing being
performed under the auspices of the Program for Inspections of Steel Components (PISC).
Information on the methodology and flaws used, as well as d«(a and results obtained during
the PISC Il RR testing of SG tubes will be obtained and compared with the results
obtained in the RR testing carried out under this program. Coordination and insights will
also be sought from the Performance Demonstration Program at the Electric Power
Research Institute (EPRI) NDE Ceniter. The mock-up will also serve as a resource for
assessing new technology.

In addition to degraded tubing, it is alsc !mpoitant to assess the effectiveness of 1S]
tubes that have been repaired (e g., by sleeving). A matrix of repaired tube specimens,
which concentrates on various slerve repairs, is being designed to represent actual repairs
conducted in the field. The matrix will be used to evaluate inspection methods.

2.1 Technical Progress
2.1.1 Mock-Up

The SG mock-up to be used for RR testing and as a resource for assessing new
technology will contain 400 tube openings, each with a 3.66-m (12-ft) length of tubing.
The mock-up will be partially assembled at PNNL, then shipped to ANL for final assembly.
One possibility for an artificail defect in these tubes is a laser-cut slot. Although a laser-cut
slot does not accurately represent a crack, it may be more representative of a crack than
an electro-discharge machining (EDM) notch. Laser-cut slots are tapered and can have
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entry widths as small as 10 um. Bridging across the faces of the slot is also possible.
making detection somewhat more difficult with a laser-cut slot than with an EDM notch of
the same depth. Laser-cut slots 20% deep could be extremely difficult to detect and these
slots could provide a detection and sizing challenge that lies in difficulty between detecting
and measuring a field-induced crack and an EDM notch.

2.1.2 Evaluation of NDE Techniques for Characterizing Flaws in the Mock-Up

Eddy current and UT techniques are being evaluated as a means to characterize the
defects in the mock-up tubes. Twenty Inconel 600 tubes with laboratory-grown cracks
were provided by PNNL for blind testing. After the tubes were inspected with EC and UT
techniques, they were metallographically analyzed to establish the actual depth, length,
and profiles of the cracks. The analysis of the results will allow the best techniques to be
used for characterizing the defects in the mock-up tubes.

The 20 tube specimens were prepared under laboratory conditions by the
Westinghouse Science and Technology Center. The specimens exhibit longitudinal inner-
surface stress corrosion cracks, longitudinal outer-surface stress corrosion cracks,
circumferential inner-surface stress corrosion cracks, circumferential outer-surface stress
corrosion cracks, and intergranular attack (IGA). Nine of the tubes show a roll transition.
The Inconel 600 tubes are =0.30 m (12 in.) long, 22.2 mm (0.875 in.) in diameter with a
wall thickness of 1.27 mm (0.050 in.). The degraded zone is nominally 25 mm (1 in.) long.
The tubes were subjected to ultrasonic depth and length characterization by high-
frequency diffraction, Lamb wave, and amplitude drop methods. Eddy current depth and
length were estimated by using rotating pancake coil, (RPC), multi-coil arrays, a pelarized
probe, and a neural-network algorithm applied to the RPC data.

2121 Ultrasonic Evaluation at High Frequency

A. Diaz at PNNL and T. Gomm at the ldaho National Engineering Laboratory (INEL)
collaborated to carry out ultrasonic inspections of the 20 tubes to determine the optimum
method for inspecting tubes before they are integrated into the mock-up SG that will be
used for RR studies and as a test bed for evaluating emerging technologies. The size,
shape, and location of the flaws are required so that blind inspection results can be
correctly interpreted. High-frequency, longitudinal, and shear waves in a focused, pulse
echo mode were used with waves incident at 0 and 45° (for both axial and
circumferentially oriented cracks). All of the PNNL/INEL inspections were carried out
from the outside of the tube (some ultrasonic data acquired from the inside surface are also
presented in this report). High-frequency backscatter and frequency analysis was used to
characterize IGA. A, B, and C scans were used to characterize all of the cracks and the IGA.
Time-of-flight (TOF) data were used to estimate depth when a crack tip echo was
detectable, otherwise a 14-dB drop method with signal movement, was used to estimate
depth.

Frequencies of 20-50 MHz were employed in an immersion tank. However, because of
the attenuation in Inconel 600, the peak in the frequency spectrum is =30 MHz for
propagation through the wall thickness and back (in pulse echo mode).
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Two calibration tubes were used. The first tube contained two sets of outer-surface
saw cuts. The first set included four axial cuts 0.25-1.02 mm (0.010-0.040 in.) deep and
5.08-9.78 mm (0.200-0.385 in.) long. The second set contained five circumferential cuts
0.127-1.016 mm (0.005-0.040 in.) deep and 2.16-6.86 mm (0.085-0.270 in.) long. A
sccond tube contained outer-surface saw cuts (axial and circumferential) and EDM notches
on the inner and outer surfaces. The saw cuts are 0.25-1.02 mm (0.010-0.040 in.) deep
and 3.43-9.53 mm (0.135-0.375 in.) long. The EDM notches are nominally 0.51 mm
(0.020 in.) deep and 6.35 mm (0.250 in.) long

2.1.2.2 Ultrasonic Evaluation with Lamb Waves

The 20 SG tube samples were also inspected by M. Brook at ABB AMDATA with an
ultrasonic probe that propagated Lamb waves in the tube wall, which are unaffected by a
roll transition. These waves propagate in a free tube wall and are capable of detecting
inner or outer-surface circumferential cracks. Although axial cracks are not detectable
with this probe unless circumferentially oriented branches are present, in principle, it is
possible to make a Lamb wave probe that could detect axial cracks. The { robe for the data
reported in this report is used in a scan mode that covers a range of 140 mm (5.5 in.). In
general, not enough information is present in the Lamb wave echo signal to determine he
depth, but rough estimates can be made by measuring the echo amplitude. The length of
the defect is accurately estimated by observing the drop in signal amplitude as the defect is
scanned. IGA has been called correctly because the echo signals are generated over a large
area of the tube.

Calibration was carried out with a tube that contained circumferential EDM notches
with throughwall depths of 20, 40, and 60% and arc lengths of 20, 40, and 60°. The signal
from the 20% TW, 60 degree arc notch was set to 80% Full Screen Height. The probe was
moved axially 1.3 mm (0.05 in.) for every 360° scan. A, B, and C scans were generated.
The probe was operated at a frequency of approximately 5 MHz. A PC-based Intraspect
ultrasonic system was used to collect the data.

2.12.3 Evaluation with an Eddy Current Array Probe

The 20 tubes were inspected with an EC C5/HD array probe by V. Cecco et al. at
Atomic Energy of Canada, Ltd. (AECL). The probe consists of three parts. Two parts
contain differential transmit-receive (TR) pancake coil arrays while the third contains a
bobbin cofl that was used simultaneously in differential and absolute modes. Each pancake
array consisted of eight independent TR units. The coils in the two arrays are rotated
relative to each other to completely cover the entire circumference. Thus, each unit “sees”
an arc of 22.5°. The sensitivity to axial and circumferential cracks was comparable. Data
could be displayed in Zetec Eddynet C-scan and clip-plot formats. The data from the
absolute channels of the bobbin coil were useful in detecting long axial cracks. The
amplitude from the bobbin coil was useful in distinguishing axial cracks from IGA. The
tubes were also examined with a 24-probe array, each covering a 15° arc to see if more
colls would lead to improvements. This data will be analyzed at a iater date. The data
presented in this report were collected with a Zetec MIZ-30 interfaced with a Hewlett
Packard 700 series workstation. Data acquisition and analysis were carried out with Zetec
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Eddynet software. A standard Zetec 4D probe driver with Zetec PM-1 motor controller
was used to pull the probe through the tube at a constant speed of 0.30 m/s (12 in./s).

Calibration was carried out with a standard ASME tube, a tube supplied by PNNL that
contained axial and circumferential outer-surface notches, and a Westinghouse-supplied
calibration tube containing a 20% outer-surface axially symmetric EDM notch, a dent, and
1.6-mm (0.060-in.)-diam throughwall holes. Lack of calibration tubes with inner-surface
notches and limited outer surface notches severely restricted the ability to estimate the
depth of the cracks. Data were collected as the probe was pulled back through the
specimen and then through the calibration tubes. The frequencies used were 45, 90, 180,
and 400 kHz. The dent was used to adjust the phase angle while the dent signal was
oriented horizontally. The vertical compenent of the 20% outer-surface notch signal was
set to 10 V. Frequency dependence of the Lissajous figure orientation and frequency
dependence of the signal amplitude were used to distinguish outer-surface from inner-
surface flaws and to determine whether the defect was deep or shallow. The expansion
transition caused some problems with signal interpretation. If a flaw was detected with
the array but not with the bobbin coil, it was called circumferential. If th “aw was
detected by both array and bobbin cofl, it was identified as axial or IGA.

2.1.2.4 Neural-Network Analysis of Eddy Current Data

Using an array of 16 pancake coils, C. Dodd carried out a neural-network analysis of
the EC data collected for the 20 tubes. The EC coils were =4.6 mm (0.180 in.) in diam.
Data were acquired with the standard Zetec MIZ-30 acquire program. Manipulation of data
was required to convert the neural net training with a single pancake coil to the individual
coils of the array. Training of the neural net was carried out with tube standards and 23
samples with axial and circumferential outer-surface stress corrosion cracks and IGA that
were metallographically sectioned. A complication in this effort was a lack of training data
for inner-surface defects and only one training sample with a roll transition. Standards
used contained 360° circumferential notches 20, 40, 60, and 80% throughwall. Lift off of
0.1 and 0.2 mm (0.004 and 0.008 in.) was also part of the calibration tube and was used to
set the phase shift so the lift off signal is horizontal. The standard also contained a 100%-
deep groove and axial notches.

2.1.25 Experimental Results

Figure 1 shows preliminary estimated crack depth determined by high-frequency
ultrasonic-wave examination and by a neural-network algorithm applied to EC data vs. the
maximum crack depth determined by metallographic analysis of the tubes. Although these
results are preliminary, they show a clear trend. The UT technique overestimates the
depth of the crack in most cases and particularly for the case of shallow cracks. The main
problem for the ultrasonic interrogation was the difficulty in detecting the echo from the
crack tip that is used to obtain the depth estimate. The results from neural-network
analysis of EC data are better and are particularly encouraging, because a proper training
data set was not available for this analysis. Significant improvements in the correlation are
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Figure 1.

Preliminary comparison of the estimated
depth (PNNL/INEL) using high Jrequency
ultrasonic waves (open squares) and
estimated “epth from a neural network
algoritr .. Dodd) applied to EC data
(black squares) versus the maximum depth
of the crack from metallographic analysis
(PNNL) of the set of 20 SG tube specimens.
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expected when optimized training sets are used with this neural-network algorithm.
Despite the less-than-desirable UT results, the cracked tubes to be installed as part of the
mock-up steam will be characterized by high-frequency ultrasonic waves, with
improvements in the implementation of the technique where feasible as well as with eddy
current neural network analysis.

UT vs. EC/neural-network results are shown in Fig. 2. The depth estimated by the UT
technique is consistently greater than that predicted by the neural-network algorithm
applied to the EC data.

To better understand the problems that are encountered while estimating depths, dats
from the 20 tubes have been analyzed in several ways. The data presented in Fig. 3 show
the results of depth predictions for tubes with and without a roll transition. No dramatic
difference in depth measuring capability can be observed when using the neural-network
algorithm and EC data.

Some estimates of flaw depth were also made with an ultrasonic probe from the inner-
surface of the tube (from PNNL report on ultrasonic examination). The results of
estimating depth from the inner-surface are, on the average, noticeably lower than those
from the outer-surface. This difference could be the result of differences in probe design
but may also be the result of tube curvature effects. Waves incident on the tube inner wall
are somewhat focused whereas waves incident on the outer-surface are spread out as they
travel through the tube wall. Estimates of crack depth obtained by ulirasonic wave
inspection on inner and outer-surfaces of 20 tubes are presented in Fig. 4, along with
neural-network EC results.

7 NUREG/CR-6511, Vol. 1
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Figure 2.

A comparison of flaw depth estimates from
a high _frequency ultrasonic wave technigue
(PNNL/INEL) and a neural network
algorithm applied to the eddy current
data (C. Dodd).

Figure 3.
Comparison of the estimated depth

applying the neural network algorithm to
eddy current data (C. Dodd) for tubes with
and without a roll transition.

The results of applying a neural-network algorithm to EC data are presented as a

function of flaw type in Fig. 5. Preliminary estimates from longitudinal outer-and inner-
surface cracks, circumferential outer-and inner-surface cracks, and IGA are separated. No
one defect appears significantly easier to characterize than any other though the
correlation coefficient from a linear fit to data restricted to outer surface axial and
circumferential cracks is a respectable 0.9. Similar data, obtained by high-frequency
ultrasonic diffraction techniques, are shown in Fig. 6.

Crack length is somewhat easier to measure than crack dspth. Figures 7-13 show
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preliminary crack length estimates for several of the tubes, with the primary emphasis on
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Figure 4.  Estimates of crack depth obtained by ultrasonic wave inspection of inner
(Westinghouse/PNNL) and outer (PNNL/INEL) surfaces of 20 tubes along with
preliminary neural-network EC results (C. Dodd) vs. actual maximum depth.
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Figure 5. The results of applying a neural network algorithm to eddy current
data are presented as a function of longitudinal OD cracks,
longitudinal ID cracks, circumferential OD cracks, circumferential ID
cracks and IGA. No one defect appears easter to characterize than
any other.,
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Figure 6. Depth estimates (PNNL/INEL), using high frequency uitrasonic
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Figure 7. Comparison of predicted length of circumferential ID crack in 22.2-

| mm (0.875-in.) diameter Inconel tube using high frequency ultrasonic
‘ wave (incident to the outer surface of the tube), Lamb wave (ABB

| AMDATA) and a C5/HD (AECL) eddy current array.
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Comparison of predicted length of circumferential ID crack in 22.2-mm (0.875-in.)
diameter Inconel tube using high frequency ultrasonic wave (incident to the outer
surface of the tube) (PNNL/INEL), Lamb wave (ABB) and a C5/HD eddy current
array (AECL).

350 300 250 200 150 100 50 0
Circumferential Position (degrees)

Comparison of predicted length of circumferential OD crack in 22.2-mm (0.875-
in.) diameter Inconel tube using high frequency ultrasonic wave (incident to the
outer surface of the tube) (PNNL/INEL) and a Lamb wave (ABB). No eddy
current array data is available for this tube. A symbol between the ends of the
crack representation indicates a segmented structure.
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Figure 10. Comparison of predicted length of circumferential ID crack in 22.2-mm (0.875-in.)
diameter Inconel tube using high frequency ultrasonic wave (incident to the outer

surface of the tube) (PNNL/INEL), Lamb wave (ABB), and a C5/HD eddy current
array (AECL). Symbols between the ends of the crack representation indicates a

350 300 250 200 150 100 50 0
Circumferential Position (degrees)

Figure 11. Comparison of predicted length of circumferential ID crack in 22.2-mm (0.875-in.)
diameter Inconel tube using high frequency ultrasonic wave (incident to the outer
surface of the tube) (PNNL/INEL). Lamb wave (ABB) and a C5/HD eddy current
array (AECLy.
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Figure 12. Comparison of predicted length of circumferential ID crack in 22.2-mm (0.875-in.)
diameter Inconel tube using high frequeacy ultrasonic wave (incident to the cuter
surface of the tube) (PNNL/INEL), Lamb wave (ABB) and a C5/HD eddy cuwrent
array (AECL). Symbols between the ends of the crack representation indicates a
segmered structure.

circumferential cracks. The data were obtained by both ultrasonic TOF diffraction and
amplitude drop (PNNL/INEL) and Lamb waves (ABB AMDATA) for circumferential cracks
and EC probes (conventional array analysis/AECL, neural-network algorithm applied to
data/Dodd and Plus Point/ANL/Zetec). Length estimates obtained with EC probes are
expected to be shorter than those obtained with UT techniques, because the threshold for
detecting a crack is higher with EC methods. The data presented do not necessarily
support this expectation. The results obtained by UT techniques also exhibit better
resolution, and as a result, cracks that may look segmented on ultrasonic interrogation may
not be resolved individually with EC testing. The location of cracks may vary considerably
with the technique used. When symbols are observed between the ends of a segment, the
segment is said to have "structure,” and the locations of the symbols coincide with the
locations of signal peaks in the data.

Lamb waves were not especially useful for measuring crack depth. Ultrasonic
inspection with Lamb waves appear to be useful for detection of circumferential cracks and
length estimates. Lamb waves can also be used to detect axial cracks if they contain
circumferential components and exhibit IGA. When used in a scanning mode, Lamb waves
can provide a good image of a defect.

2.1.3 Determination of Leak Rate and Bww ~ essure
Data that form the basis for the correlations between burst pressure and EC voltage

and probability of leakage and voltage are limited. Substantial scatter is observed in tube
burst pressure (more for pulled tubes than model boiler tubes) and leak-rate data when
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Figure 13. Comparison of predicted length of axial OD crack in a 22.2-mm (0.875-in.)
diameter Inconel tube using high frequency ultrasonic wave (incident to the outer
surface of the tube) (PNNL/INEL), a Plus Point probe (Zetec/ANL), and a C5/HD
eddy current array (AECL). Four cracks were resolved by the UT and Plus Point
probes but only three by the eddy current array.
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Figure 14.

Hypothetical semi-log plot of burst pressure
versus bobbin coil voltage for pulled tubes.
The data presented have been extracted
Jfrom Reference 1.
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correlated with EC voltage amplitude, as can be seen hypothetically in Fig. 14 and 15.!
Correlations of leak rate with bobbin coil voltage (Fig. 15) show considerable scatter.
Estimates of probability of leakage are <1% at 1 V for both 22.2-mm (0.875-in.)-and 19.1-
mm (0.750-in.)-diameter tubes, 50% at 7 V for 22.2-mm (0.875-in.)-diam tubes, and 50%
at 4 V for 19.1-mm (0.750-in.)-diam tubes. Monte Carlo techniques are one acceptable
approach for accounting for the uncertainties implicit in these models.

Thus, the use of voltage amplitude to detect and measure flaws requires a conservative
approach to data analysis and interpretation. Improvements in signal analysis (e.g.,
application of neural-network algorithms) are being explored in this program to find a
better correlation between burst pressure and leak rate with EC signals.

2.1.4 Inspection of Sleeved Tubes

Two primary problems are associated with sleeved tubes: the large expansion and the
distortion in signal from ferromagnetic material from welding procedures. Transmit-
recetve EC probes have an advantage over bobbin coils for inspection of sleeves.

Dobbent et al. assessed the application of ISI technology to sleeved tubes.2 Tubes were
repaired with hybrid expansion joints in 1993 and 1994. Deep circumferential primary-
water stress corrosion cracks (PWSCCs) were found in the parent material. Laser-welded
sleeves were used in 1994. Cecco 3 (C3) and Plus Point probes were seiected to detect
circumferential and axial cracks, respectively, in sleeved tubes. Large permeability
variations were found if the C3 probe was used without a magnetic bias. Magnetically
biased probes are often used to reduce these variations, Based on C3 and Plus Point probe
inspection data, tubes were pulled that showed axial and circumferential cracks in laser-
welded sleeves (weld and hydraulic transitions) and circumferential cracks and wastage in
hybrid expansion joints (parent tube and hydraulic transition). A false call was also present
in the transition. This effort showed that a good correlation can be obtained between EC
data and defects in sleeved tubes if the cracks are deep (>90% through-wall). Permeability
variations create significant problems for analysis. The Plus Point probe provides good
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imaging except in the weld area and experienced analysts are required to interpret the
data for the C3 probe.

2.1.5 Program for Inspection of Steel Components Il

Round-robin testing to evaluate techniques used to inspect SG tubing ended in 1993.
The experimental evaluation of test procedure performance was carried out for a
tubesheet, tube support plate, anti-vibration bars (AVB), and U bends. Approximately 100
defects were evaluated, consisting of limited stress corrosion cracking (SCC), including
axial SCC and IGA, spark-eroded axial and circumferential narrow slots, pitting, and
wastage. U.S. organizations involved with the RR testing were Allen Nuclear Tech, Conam,
PNNL, Zetec, Westinghouse, and Oak Ridge National Laboratory (ORNL).

Although analysis of the RR has not yet been released, some teams performed
consistently better than others. As a result, there is a need to determine what the teams
that performed better did to obtain higher scores. The best results were associated with
the UT techniques but not all defects were examined by UT and thus any claims of
superiority of UT techniques must be qualified. In addition, speed and cost are other
factors that must be considered when comparing EC and UT techniques. Nevertheless,
detection of circumferential defects was relatively easy with UT. Combining EC with UT
techniques did not seem to provide an overall advantage and there is no clear indication
from this study that defects <40% deep can be detected. The correlation between the
NDE signal and a defect is much better if the flaw is >40% deep. Another conclusion of
this study is that there is a need to analyze each type of defect to establish the best NDE
method for its detection.

Because the defects were not field induced, there is concern about how well the
laboratory-grown cracks represent field cracks, particularly circumferential cracks.
Furthermore the sample of defects consisted of 90 notches and only 7 cracks. There are
questions about the argument that the POD for cracks and notches by EC is approximately
the same and thus the use of notches is proper. The value of the results of this study is
questionable because of the limited number of cracks and variations in inspection
procedures.

2.2 Workshops and Training

A committee on Nuclear Regulatory Activities/Committee on the Safety of Nuclear
Installations (CNRA/CSNI) Workshop on Steam Generator Tube Integrity in Nuclear Power
Plants was held at Oak Brook, IL on October 30-November 2, 1995. One of the panel
sessions addressed inspection issues. The potential subjects for discussion included
standardization (calibration, probes, analysis), performance demonstration, measuring
accuracy, flaw-specific POD, Program for Inspection of Steel Components (PISC) III, UT,
plugging criteria, acceptance criteria, circumferential cracking, automated analysis, repair
inspectability. feedback to integrity and risk analysis, limits of methods, scatter in data,
approach to unexplained signals, computer modeling, inspection qualification, personnel
training, and future actions. Planned presentations covered Cecco probes, PISC IlI,
circumferential cracking and the Japanese experience. The following summarizes the
issues that were discussed in some depth.
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The issue of circumferential SCC of SG tubes was reviewed. The consensus was that
the most critical flaw is SCC, that it is not related to a single problem, and that crack
growth rate is the key factor in understanding the consequences of SCC in SG tubing. The
current response to the detection of circumferential SCC of any size, in all involved
covniries except Belgium and Canada, is to plug the tube. However, in the future, a
growing number of plants wiil clearly need to improve their ability to nondestructively
detect and measure cracks in SG tubing.

The present effectiveness of EC and UT techniques to detect circumferential cracking
were compared during this workshop. Eddy current testing with a MRPC is well
established and has a detection threshold of =50% throughwall. Although ultrasonic
techniques may have the potential for greater spatial resolution and sensitivity than EC
techniques, they present problems with false positive calls. Currently, only Belgium uses
UT for a base inspection and then only in combination with EC testing.

It is much more difficult to measure cracks than to detect them and only Belgium and
Canada have methods that could be considered "qualified,” however qualification
procedures are being developed for some EC techniques in the USA. Even though it is
much easier to measure the length than the depth of a crack, it is only possible to measure
the part of the crack length that provides a signal above the minimum detection level, and,
as a result, lengths could be easily underestimated. The use of EDM notches, acceptable as
a screening tool for EC testing, is not representative of real cracks.

Differentiation of outer- from inner-surface cracks in the roll transition may be
possible with phase information from an RPC (bobbin coil data is not adequate). From a
collection of 70 pulled tubes with circumferential cracks, the capability of UT to detect
25% throughwall cracks was established (EDF study). Some cracks were found by UT and
not by EC because of the depth. Some cracks were detected by EC and not by UT because
the UT signals from the roll transition were confusing.

Although substantial progress have been made in the development of techniques for
inspection, improvements in the probability of detection (POD) and measurement of cracks
is needed, along with improvements in the qualification of POD and measuring procedures.
Improving POD and measuring capabilities will require international collaboration and
realistic "universal’ samples. To obtain a POD with a high degree of confidence, 400 pulled
tubes with defects are needed, including pulled tubes without significant NDE signals.
Stress corrosion cracks should be present on the inner and outer-surfaces of the tubes, in
both axial and circumferential orientations. Some cracks should be small because there is
a need to detect cracks smaller than integrity requirements. Degraded-tube samples with
artifacts are also important. While it is obviously important that pulled tubes be evaluated.
evaluation of clean tubes with laboratory-grown cracks is also valuable, particularly for
development work. Although good data are available on crack morphology of pulled tubes,
comparable data are required on laboratory-grown cracks.

One consensus of the CNRA/CSRI group was that a widely accepted "robust’ inspection
method is possible through the use of multitechnique probes and corresponding advances
in analysis and data handling routines. On the other hand, major weaknesses that must be

17 NUREG/CR-6511, Vol. 1



resolved are inherent in the voltage criterfa, even though the criteria (for axial cracks) may
be the best approach to selecting tubes to plug at this time. For example, a low voltage
from a crack that could result in fatlure at low burst pressure is possible because, as cracks
grow, ligaments connect and the crack becomes planar, a situation that can lead to tube
failure. Furthermore, throughwall or nearly-throughwall cracks can fill with deposits and
generate a low voltage signal. Although the present data suggest that correlating voitage to
burst pressure is successful, the correlation may actually be poor. The current empirical
correlations must be understood better. Data analysis must be improved and could lead to
enhancements in our ability to capture critical aspects of a defect and provide a better
rationale for the decision-making process, a process that is not based solely on empirical
data.

The preparation of standards raises many difficult issues. For example, the fabrication
of calibration tubes is difficult because EC responses from vendor-provided tubes that are
supposed to be the same are variable. Comparison of signals from various countries is very
complicated because of the use of differing frequencies, dependence of EC response on
hole size, and because voltages are hard to compare. In the USA, a reference curve is
prepared for each inspection. In France, parameters with more than flat bottom holes are
used. In Canada, calibration is carried out on concentric grooves and 20-80% 1.6-mm
(0.063-in.) diam holes. These differences are important and make comparison of voltages
among countries difficult. To obtain a meaningful voltage comparison, it would be desirable
to have the voltage output in each country mean the same thing.

The primary effort in the future will be directed toward improving in the detection of
outer-surface cracks with EC probes (Plus Point, Cecco, etc.). For economic reasons there
is a particular need for a single-pass probe (Cecco style). Some efforts in the future will
focus on UT, but there are few if any current plans to use UT on an industry-wide scale.

U-bend cracks are now a concern at Ontario Hydro. Japan, already concerned with U-
bend cracks, uses Plus Point probes for inspection. The Japanese are also developing a
thin-film coil probe.

Table 1 presents the circumferential-crack inspection procedures that are used by
research teams in nine countries.

Seminars and training classes on EC inspection of SG were held at ANL, December 4-
8, 1995. These seminars and classes were a unique opportunity to learn about SG
inspection technology and problems. The classes covered EC theory; probe design,
including advantages and disadvantages; an overview of nuclear reactor SG basic design
features: and probable tube damage mechanisms. Three work stations were set up for
hands-on analysis of calibration and field data. MIZ-30 and EddyAcquire software was
presented with hands-on training. An overview of data analysis concepts was presented
with demonstration of and training in the use of Eddy95 data analysis system. The three
workstations were used to review and analyze previously recorded EC data that showed
bobbin coil and motorized RPC data and Plus Point technology applied to various field
conditions. Some of the data acquired at Zetec from the 20 laboratory-cracked tubes were

analyzed during this workshop. Advanced data analysis tools and concepts were also
presented.
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Table 1.

Interrwational comparison of circumferential crack inspection

Detection Limit

Country Technique {minimum depth) Sizing Scope Future Actions
USA EPRI guidelines Limit is plant No qualified sizing Scopes are plant Qualified sizing by E
are em ed. Use | specific. techniques expected dependent. In %&-unes is tcd
RPC (Plus Point, Detection until 1996. Current general 20% of tubes to be pulled
Pancake) and array | threshold is 40- method for | his tubes are am)rmance-
probes {Cecco). 50% through- based on RPC. inspected. Alternate
walil, ID OD. and tude used repalr criteria and better
for depth while Plus probes and software
Point appears best for needed.
length.
France | RPC (absolute and The threshold is | No depth sizing. OD Inspect 100% of Qualifying UT equipment
differential) using 50% throughwall | circ. length not MA tubes (hot | but no plans for ustrial
EdF Procedures. for OD cracks.2 accurate. Only ID leg) in roll trans. use. Improve OD
Quualification based crack l(e%?c.hs are with RPC each circumferential crack
on pulled tubes. sized. accuracy | year (OD). For detection (determination
is a?proxlmatclv 600TT tubes, of size is not a prlmﬂ
+30°) inspect 100% objective). Automat
sludge pile, and analysis.
25% at random.
Nothing done for
690 tubes.
Japan Detection with 50% throughwall | No data. 100% at New probe for faster
8 x 1 probes. for ID cracks. mechanical tion (rotating fieid
expansion using proﬁ? Automat
8 x 1 (hot leg). and double
manual analysis for future.
Finland | Bobbin coil for Not applicable No sizing. Assess single-pass probe
general inspection, for detection.

with RPC on tube
sheet. No crack-
ing problems.
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Tabie 1. International comparison of circumferential crack inspection (cont'd.)
Detection Limit

Country Technique {minimum depth) Sizing Scope Future Actions

Canada | Cecco-3 is used for | 40-50% Use Cecco data from Inspection 100% Auto analysis of CECCO
detection and throughwail for Bruce pulled tubes, with active known | probe data. Improved
sizing (amplitude OD cracks. estimate +15% of degradation. 20% | analysis using C-scan
b ). Technique throughwall depth, for plausible plots. Work on UT probe
qualified on pulled 5 mm length for OD degradation. Only | development and
tubes. Q - cracks. small samples for | qualification. Validation
cation based on lab i-800 SGs. program with lab/pulled
samples. tubes.

Germany | Bobbin coil and Not applicable Not applicable 10% every 4 years | No need
RPC but no cracks. with BC, covering

100% of length.
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