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REPORT SUMMARY

The database required to support the alternate repair critena for outside diameter stress
corrosion cracking (ODSCC) of steam generator tubes at support plate elevations has
been developed from pulled tube examination results and tests of specimens produced
in model boilers Leak rate and burst pressure correlations with bobbin coil voltage
have been developed from the overall data Volume 2 of this report provides an
extended database and updated correlations for 3/4 inch diameter (OD) tubes

BACKGROUND Outside diameter stress corrosion cracking (ODSCC) has been
observed in PWR (pressurized water reactor) steam generators in the US and abroad.
The existing criteria governing the need for tube repair in the U S. are too conservative
and result in unnecessary repair with associated repair costs, radiation exposure, and
reduced operanng efficiency

OBJECTIVES To develop the database which can be used to establish alternate
repair limits for ODSCC in PWR steam generator tubes at support plate intersections.

APPROACH Data trom operating experience (eddy current data and normal
operating leakage or lack there of) and data from pulled tubes (eddy current data, leak
rate, burst pressure and destructive examination resuits) are collected and included in
the database In addition, ODSCC specimens were fabricated in the |aboratory using
model boilers and tested to supplement the pulled tube database

RESULTS Eddy current tests on model boiler specimens were conducted using
bobbin coil and rotating pancake coil (RPC) probes. Leak rate tests were performed
on the specimens at typical normal operating conditions and at primary to secondary
pressure differennal following a postulated secondary side pipe break (steam line or
feed water line break) The specimens were then subjected to burst pressure testing
and destructive examinatnon The crack morphology of model boiler samples was
similar to that of pulled tubes from operatng steam generators (stress corrcsion cracks
with minor to negligible intergranular attack - 1GA) Using bobbin coil voltage as the
independent parameter, correlations were developed for leak rate and burst pressure.

EPRI PERSPECTIVE Degradation of tubes at support plate intersections and at
eggcrate nitersections 1s becoming one of the dominant tube degradation mechanisms
in PWR steaumn generators  The existing repair criteria (based upon percent
through-wali penetration as the extent of degradation) applied in the U.S results in the
unnecessary repair of structurally sound tubes Therefore, development of alternate
repair imits based upon eddy current signal amplitude could reduce repair costs and
radiation exposure without affecting plant safety The report TR-100407 outlines the
EPRI recommended methodology for the development of alternate repair limits. The
database needed to support the methods described therein 1s provided in this report.
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ABSTRACT

Feasibihty of alternate repair cnitenia (ARC) for outside diameter stress corrosion cracking
(ODSCC) observed at support plate locations of alloy 400 tubes in PWR steam
generators was assessed The database required to support the alternate repair limits was
developed from available data from operaung plants and from ODSCC specimens
fabricated in the laboratory Non-destructive (eddy currént) examination, leak rate
testing, burst testing and destructive examination of the test specimens were performed.
Leak rate and burst pressure data, including those of tubes pulled from operating steam
generators, were correlated with bobbin coil signal amphitude This report (Volume 2)
documents the database developed for 3/4 inch diameter (OD) tubes to support the repair
fimits, while Volume | documents the database developed for 7/8 inch diameter tubes
Bobbin coil voltage normalizanon inspection requirements needed to support the ARC.
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supporting ARC correlations - Section 4
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Leak rate adjustments for 3/4" tubing - Appendix B
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20  TUBE SUPPORT PLATE REGION PULLED TUBE CRACK MORPHOLOGY

2.1 Introduction & Definitions

The following provides summary information regarding OD onginated corrosion at support
plate crevice regions of Alloy 600 tubing pulled from steam generators at various plants. The
data 1s presented in support of the development of the alternate repair critenia (ARC) Al
significant available tube pull data at tube support plate locations frem plants with 3/4 inch
diameter tubing are summanzed

The tvpe of intergranular corrosion with regard to crack morphology and density (number,
length, depth) of cracks can influence the structural integnty of the tube and the eddy current
response of the indications To support the tube repair critena, the emphasis for destructive
examination is placed upon characterizing the morphology (SCC, IGA involvement), the
number of cracks, and charactenization of the largest crack networks with regard to length,
depth and remarung hgaments between cracks These crack details support interpretation of
structural parameters such as leak rates and burst pressure. crack length and depth. and of
eddv current parameters such s measured voltage with the goal of enhancing structural and
eddy current evaluations of tube degradation In selective cases, the pulled tube evaluations
included leak rate measurements, in addition to the more standard burst pressure
measurements, for further support of the integnit* and plugging limit evaluations

Before the support plate region corrosion degradation can be adequately described, some key
corroston morphology terms need to be defined Intergranular corrosion morphology can vary
from IGA to SCC to combinations of the two [GA (Intergranular Attack) is defined as a
three dimensional corrosion degradation which occurs along grain boundanes The radial
dimension has a relauvely constant value when viewed from different axial and
circumferential coordinates [GA can occur 1n 1solated patches or as extensive networks
which may encompass the entire circumferennal dimension within the concentrating crevice
Figure 2-1 provides a sketch of these IGA morphologies As defined in this report, the width
of the corrosion should be equal to or greater than the depth of the corrosion for the
degradation to be classified as [GA The growth of IGA s relatively stress independent
IGSCC (Intergranular Stress Corrosion Cracking) 1s defined as a .wo-dimensional corrosion
degradation of grain boundaries that 1s strongly stress dependent [GSCC is typically observed
in the axial-radial plane in steam generator tubing, but can occur in the circumferential-radial
plane or 1n combinations of the two planes The IGSCC can occur as a single two
dimensional crack, or 1t can occur with branches coming off the main plane Figure 2-2
provides a sketch of these IGSCC morphologies. Both of the IGSCC vanations can occur
with minor to major components of [GA The IGA component can occur simply as an IGA
hase with SCC protruding through the [GA base or the SCC plane may have a semi-three
dirtensional charactenisuc Figure 2-3 provides a sketch of some of the morphologies
poisible with combinations of IGSCC and IGA  When IGSCC and IGA are both present, the
IGSCC wll penetrate throughwall first and provide the leak path

r
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To provide a semi-quantitative way of characterizing the amount of 1GA associated with a
given crack, the depth of the crack 15 divided by the width of the IGA as measured at the
mid-depth of the crack, creatng a ratio D/W  Depth s the linear dimension measured from
the OD surface of the tube through the tube wall, 1 ¢, along the tube radius. Width (for an
axial crack) 1s measured along tube circumference, 1 e perpendicular to the depth. In the
current context (for D'W ratio), the width 1s measured at the mid-depth of the crack, 1 e, half
the distance between the tube OD and the deepest point of the crack Three D/W categories
were created mnor (D/W greater than ). moderate (D/W between ), and
significant (D/W less than ) where for a given crack with a D/W of  or less, the
morphology 1s that of patch 1GA

The density of cracking can vary from one single large crack (usually a macrocrack composed
of many microcracks which nucleated along a line that has only a very smail wadth and which
then grew together by intergranular corrosion) to hundreds of very short microcracks that may
have partially linked together to form dozens of larger macrocracks. Note that in cases where
a very high density of cracks are present (usually axial cracks) and where these cracks also
have significant IGA components, then the outer surface of the tube (crack ongin surface) can
form regions with effective three dimensional IGA  Axial deformanons of the tube may then
cause ircumferential openings on the outer surface of the tube within the three dimensional
network of IGA, these networks are sometimes mistakenly referred to as circumferenual
cracks The axial cracks, however, will sull be the deeper and the dominant degradaticn, as
compared o 1GA

Recogmazing all of the gradauons between [GA and IGSCC can be difficult In addition to
observing patch IGA, cellular IGA/SCC has been recognized [n intergranular cellular
corroston (1CC), the cell walls have IGSCC to IGA charactenstics while the intenors of the
cells have nondegraded metal The cells are usually equiaxial and are typically

in diameter. The cell walls (with intergranular corrosion) are typically

mils) thick The thickness and shape of the cell walls do not change substanually with radial
depth  Visual examinations or imited combinations of axial and transverse metallography
will not readily distinguish ICC from extensive and closely spaced axial [GSCC with
circumferential ledges linking axial microcracks, especially 1f moderate to significant 1GA
components exist in association with the cracking  Radial metallography 1s required to
definitively recogmze cellular IGA/SCC  Cellular IGA/SCC can cover relatively large regions
of a support plate crevice (a large fraction of a tube quadrant within the crevice region)
Figure 2-4 shows an example of 1CC from Plant L (7/8 inch diameter tubing)

A given support plate region can have intergranular corrosion that ranges from IGA through
individual 1GSCC without IGA components and IGSCC wich or wathout [ICC

2.2 Plant R-1 Corresion Degradation

For Plant R-1, three tubes with six intersections were pulled in 1992 and five tubes with nine
intersections were removed in 1991 or earlier This paragraph describes the results of the
destructive examinations for these tubes

ra
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221 Plant R<1 1992 Pullied Tubes

Three hot leg steam generator tube segments from Plant R+l (tubes R7-C71 and R9-C76 from
S/G C and tube R9-C9] from S/G D) were examined by Westinghouse in 1992 to provide
supporting data for the development of alternate plugging cniteria specific to support plate
crevice corrosion  The first, second and third support plate crevice regions of each tube were
nondestructively examined Subsequently, elevated temperature leak testing and room
temperature burst testing were conducted on the second and third support plate crevice regions
of each tube Consistent with pas( experience, no indications were detected at the first plate
(actually the first plate 1s the flow distribution baffle), and destrucuve examination of the first
plate crevices was not performed The burst tested specimens were then destructively
examined using metallographic and scanning electron microscope (SEM) fractographic
techniques The following provides a brief summary of the more significant observations

NDE Results. A summary of the field and laboratory NDE results 15 given in Section 4

Field bobbin voltage calls ranged from Throughwall depth estimates
as deep as were identified The indications in tube R9-C9] ( for
the second and third crevice regions, respectively) were not assigned depth calls in the field
Reevaluation of the field data apphied depth esnmates of respectively, for these
indications.  All intersections destructively examined exhibited confirrung RPC calls While
OD ongin indications were observed at the second and third support plate crevice regions of
each tube by the various eddyv currenr examinations performed, none were found within the
first support plate (flow distnbution baffle location) crevice region. There was good
agreement between the field and laboratory eddy current results, but a significant increase in
the bobbin probe signal voltage was noted in three instances in going from the field to the
laboratory data These increases are probably related to the effects of the tube pulling stresses
on the corrosion crack networks The eddy current data suggested that corrosion was present
in the form of axial cracks within the crevice regions. Laboratory UT data suggested that a
larger number of axial indications were present

Leak and Burst Testing. The second and third support plate crevice region of each tube was
leak tested at elevated temperature and pressure  This test 1s capable of accurately measuring
very low levels of leakage None of the crevice regions of tubes R7-C71 or R9-C76 leaked at
normal operating conditions ( differential pressure) or at steam line break conditions
( differential pressure) The third support plate crevice region (SP3) of tube R9-C91
did not leak at normal operating conditions, but did develop a very smail leak (

) at steam line break conditicns Post-leak inspection verified that the leak occurred
within the crevice region and not .. a fitung  SP2 of wbe R9-C91 develeped a

leak at normal operating conditions and a leak at steam line break
conditions. Post-leak test inspection, found that the crevice region had two ieak locations.
Both leak locatons had verv small ( inch) throughwall corrosion



Extensive destructive examination was required to locate throughwall corrosion at SP3 of
R9-C91 Neither the burst crack nor the next largest macrocrack had throughwall corrosion
The only throughwall corrosion ( in length) was located in a crack network
adjacent to the second largest macrocrack

Results of the burst tests are presented in Sect:on 4 All burst tests resulted in bulging or |
fishmouthing and teanng of the crack opening, as shown by the ductility, burst length and

burst width measurements  All but SP2 of tube R9-C91 developed simple axial burst |
openings which were centered within the crevice regions SP2 of tube R9-C91 also had an |
axial burst opening centered within the crevice region, but 1t was complex in shape It

appeared to have formed from closely spaced and interconnected axial openings

Another interesting observation was that the burst opening of SP3 of tube R9-C91 occurred at

a different location than the leak locanon All burst specimens had similar burst

pressures that ranged from SP3 of tube R7-C71 had data recorder

problems that prevented knowing the true burst pressure It 1s known that its burst pressure

exceeded

The upper figure of Fiuure 2-5 shows the recording of burst pressure versus time for R9-C76,
SP2 as an example of a normal and succ-istul burst test. It is seen that the recorder responds
quickly to the pressure changes The waier pressure 15 controlled to follow the drawn target
hne However, due to the small volume of the overall system, the iniual water pump strokes
produce spikes in the pressure, although these spikes are neghgible at moderate pressures

The recorder follows these spikes closely It 1s also seen that the recorder immediately
follows the complete drop in pressure following the burst test.

The burst history of SP3 of tube R7-C71 1s complex, it was burst tested twice. The first ime,
a Swagelok fitting leak produced a small leak that prevented the internal pressure from
exceeding The middle part of Figure 2-5 shows the pressure versus tume curve for
this run  Note that the recorder normally followed the initial pressure spikes, but with no tube
burst there was no rapid drop 1n pressure [nstead, there was gradual drop-off in pressure as
the pump tried to maintain pressure with the small fittng leak  After the inmnal attempt at
bursting the tube, 1t was noted that the tube appeared normal and that a few drops of water
were leaking from the lower Swagelok fitting when several hundred psi of water pressure was
applied The Swagelok fiting was tightened and the test was repeated During the second
run. the recorder was malfunctioning such that the recorder was moving in a sluggish,
nonresponsive manner in the vertical (pressure) axis The bottom figure of Figure 2-5 shows
the pressure curve First, note that no imital pressure spikes were recorded Second note that
the post-burst test pressure drop-off was slow, even thougn a large hurst opening was
subsequently observed Finally, note that the maximum pressure recorded was lower than the
nitial burst run, but the tube only had plastc deformation durning the second run. After
adjustment, no subsequent recorder malfunction occurred It 1s suspected that the recorder
was set at the calibration setting (filter in recorder to facilitate calibranion) and not returned to
the record setting for the fina Hurst test It 15 concluded that the burst test results for SP3 of
tube R7-C71 are low and should be excluded in any final data base of burst test results
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Overall crack densities were low to moderate (tvpical crack densities ranged from
cracks over at a given elevaton) However. the cracks were not uniformly distributed
and local crack densities were significantly higher Crack densities would range from

if local area data were incorrectly extrapolated over the tube
circumference  All of the individual corrosion cracks tound had only minor to moderate 1GA
components (D/W rauos ranged from ) No surface IGA, 1 ¢, that independent of
corrosion cracks, was observed

For SP2 of R9-C91, the leak locanons were comprised of very short throughwall
corrosion penetrations at the burst crack and at a secondary crack. For SP3 of R9-C91, which
showed no leakage at normal operanng conditions and a very small leak at SLB

conditions, neither the burst crack nor the largest secondary macrocrack (Table 2-1) were
found to have throughwall corroston The cellular pattern at the edges of the secondary crack
at about of Figure 2-11 was also examined and found to have no throughwall corrosion
Throughwall corrosion of very short length was found in the cracking pattern
adjacent 1o the secondarv crack Following leak and burst tesung, the throughwall penetration
at the tube ID was about long Figure 2-14 shows fractography and a sketch for the
associated crack. The short length of deep corrosion accounts for the very small leak rate, as
well as the modest bobbin coil voitage for this intersection

From Table 2-1 for the 3rd TSP of R9-C9!, it can be roted that the burst crack has a shorter
length and smaller average depth than the largest secondary crack This occurs as patches of
cellular SCC at the ends of the secondary crack are included in the total crack length
measurement [t is expected that the tortuous nature of the crack path for the secondary crack
made 1t somewhat stronger than the burst location

Conclusions. The examined second and third support plate crevice regions of the pulled
tubes had combinations of axially onented IGSCC and ICC The corrosion was of OD ongin
and was always confined to within the crevice region Usually, the corrosion was centered
within the crevice region and did not extend to the support plate crevice edge locations
Overall crack densities were low to moderate, but with the non-uniform nature of the crack
distributions, local crack densities were high Only minor to moderate IGA components were
found 1n association with the IGSCC and no surface IGA was observed The field and
laboratory eddy current inspections accurately described the presence of axial cracking.
Destructive examinations showed that the most significant cracking occurred where the eddy
current indications were located [aboratory UT inspection results suggested the presence of
an even larger number of axial cracks Destructive examinations showed that the UT call of a
larger number of axial cracks than the eddy current data suggested was correct

Crack networks in of the crevice regions developed small leaks during the leak testing
hat was conducted prior to burst testing The maximum leak rate at elevated temperature and
pressure was liters per hour at normal operating conditions and liters per hour at

steam line break conditions

3
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The presence of intergranular stress corrosion cracking at the support plate locations did not
raduce the burst pressures of these corroded regions by more than a factor of compared to
the undegraded. freespan burst pressures This 15 well above the safety limitations.  The burst
pressures ranged from at locations where corrosion macrocracks ranged
from inch long The maximum depth of corrosion ranged from

throughwall

2.2.2 Plant R-1 1991 Pulled Tubes

This paragraph describes the crack morphology and burst/leak rate measurements for tubes
pulled from Plant R-1 1n 1991 Five hot leg tube segments (RSC112, R10C69, R7C47,
R20C46 and R10C6) were removed and included the first, second and third TSP regions
The burst test data are described to assess whether the measured pressures are representative
of a burst or a more limited crack opening causing leakage A completed burst test 1s
characterized by fishmouth opening of the crack, bulging of the tube and/or tearing at the
edges of the corrosion crack as found for the 1992 pulled tubes (Table 2-1) In general, the
burst test opens up the entire macrocrack length or a very large fraction of the corrosion
crack It 1s shown that the 1991 burst tests resulted in either minor crack opening (not
representative of a complete burst) or moderate openings sull less than expected for a
complete burst The munor crack opening exhibited in these tests would not have resulted 1n
coolant release rates consistent with the U S NRC definition of a steam generator tube
rupture as exceeding the makeup capacity of the plant For essentially undegraded tube
sections which had fishmouthed and bulged ruptures, the resulting burst pressures were

or more lower than found for other tests of the same or typical 3/4 inch diameter tubing
Upon review of the data, the EPRI ARC Commuttee concluded that the burst data are not
reliable and should not be included in the ARC database

The following descnbes the destructive examination results for the 1991 Plant R-1 pulled
tubes

Tube R5C112, TSP3. Plant R-1 pulled tube RSC112, TSP-3 had a field bobbin voitage
indication of and a post-pull bobbin voltage of By destructive exam,
the maximum corrosion depth (at axtal grinds) was In the laboratory, the
indication was found to leak at about while pressunizing for a burst test The tube
section was then leak tested at prototypic conditions before further burst testing and found to
have leak rates of at normal operating and SLB pressure differential,
respectively A bladder was then inserted to continue burst testing. The "burst” pressure
measured was

Figures 2-15 to 2-17 show, respectively, the post-burst test crack, a map of OD crack
indications and the crack depth vs length of the macrocracks that opened during leak and

burst testing Figure 2-15 also shows the location and length of throughwall crack
opening followng the burst test.  From Figure 2-15, it 1s seen that two post-burst crack
openings are separated by a ligament The lengths of the two throughwall penetrations are

about These lengths are typical of individual microcracks Even the
end to end opened crack length of about 1s muzh less than the
throughwall crack expected for a burst pressure of A completed burst test 1s

2.7
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R20C46. TSPs 2 and 3. Both intersections of tube R20C46 burst just above the TSP
elevation at hand held grinding tool marks These marks were apphed in the laboratory for
location purposes Since the burst pressures are associated with the grinding marks outside
the TSP rather than the degradation within the TSP, these indications are not included in the
database

R10C69, TSP 2. No detectable bobbin indication was found in either the field or post-pull
inspection for the 2nd TSP intersection of R10C69 The destructive exam also shows no
measurable degradation at this TSP intersection  The burst opening 1s centered at the TSP
indication and shows a ductile, fishmouth rupture typical of bursts for indications with modest
degradation The measured burst pressure was

To evaluate the potential need to adjust the measured burst pressure for this type of
indication, an undegraded freespan piece of tube R7C47 was burst by Westinghouse for
comparison with burst of the Plant R-1 freespan tubing as part of the destructive examination
program The Westinghouse test vielded a burst pressure of which 1s similar to
that found for undegraded model botler tubing The freespan burst pressures during the
destructive exam program were in the range of or about lower than
the Westinghouse tests Historically, burst pressures for undegraded 3/4 inch tubing have
been in the range of The low burst pressures obtained dunng the
destructive exam tests tend to indicate a potential systemauc problem in the ume frame of
these tests Based on thesc results, the burst test 1s not considered reliable and 1s not
included in the database

RSCI12, TSP 2. The 2nd TSP of RSC112 was called NDD in the field evaluation,

by reevaluation of the field data and for the post-pull evaluaton The tube burst at
above the TSP location and thus should correspond to an undegraded tube burst

pressurc  The expected range of burst pressures for undegraded tubing 1s

The low measured burst pressure indicates an unreliable data point

R10C6, TSP 2. The 2nd TSP of R10C6 had a hobbin indication which increased to

in the post-pull inspection. The burst crack opening s shown in the upper part of
Figure 2-23 at two magnifications The crack opening 1s about long with minor
bulging or teanng Figure 2-24 shows the OD crack map and associated depths. The
macrocrack that opened in the burst test s about long with a maximum Gepth of

The expected burst pressure for a long crack conservatively assuming an

average depth of would be about or significantly in excess of the measured

[t 1s concluded that the reported burst pressure underesnmates a complete burst by
at least and the data point has too many uncertainties for including n the ARC database

R10C6, TSP 3. The 3rd TSP of R10C6 had a bobbin indication which increased to
in the post-pull examination Figure 2-23 shows the burst crack opening for this

indication.  The burst opening length is about with a maximum depth of
Similar to the 2nd TSP for this tube, a minimum increase of in the measured burst

2+9
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pressure ot would be appropniate for this indicaton and the data point is not
included in the ARC database

Crack Morphology, Figures 2-16, 2-19 2-21 and 2-24 show avulable OD crack maps and
associated maximum depths found in the tube examination These figures also show regions
on the tube which were charactenzed in the destructive examinanon as IGA  The IGA depth
was generally negligible However, the 3rd TSP of R7C47 was identified as having
very local IGA depths up to the range as shown in Figure 2-21 The 1GA
characterization used to define the OD crack maps s believed to have identified ICC as IGA
A review of the metallography data indicates negligible volumetnic IGA involvement  The
Plant R-1 pulled tube crack morphology can be classified as axial IGSCC with a lesser extent
of 1CC associated with the [GSCC, waith minor surface [1GA

2.3 Plant E-4 Corrosion Degradation

A total of 18 steam generator tubes comprising 27 tube support plate crevice regions have
been removed and destructively examined from European Plant E-4  The dominant corrosion
morphology ts that of axial [GSCC with cellular IGA/SCC The cellular IGA/SCC s
localized in the crevice region such that most of the crevice region 1s free of corrosion  The
crevice regions had rioderate crack densities, moderate |GA components associated with
individual major cracks, and no significant 1GA independent cracking  Burst tests conducted
produced the expected axial opening through complex mixtures of axial, circumferential and
oblique cracks For the more strongly affected areas, while the cracking remained
multi-direcuicnal, there was a predominance of axial cracking Figures 2-25 and 2-26 provide
radial section photomicrographs through two of the more strongly affected areas showing
cellular IGA/SCC at Plant E-4

Leak testing was also performed on a number of intersections from Plant E-4  The voltage

ranges leak tested were from The minimum voltage
indication which leaked had a signal  This intersection had an adjusted (for
temperature effects) leak rate of at normal plant conditions and
a leak rate of at SLB condittons  The mimimum burst pressure
of was recorded for an indication  Other indicanons with higher voltages

had higher burst pressures
The burst and l2ak test results are given in Section 4

Limited destructive examination data 1s available on the Plant E-4 pulled tubes. Due to the
large recorded voltages for these indications with rather long turoughwall lengths, the average
crack depths are heavily biased due to this throughwall length

Axially eriented sketches of the burst openings are available for several of the tubes pulled in

1992, in addition to width and depth of penetration data for the IGSCC pateh (1CC) areas
For tube Ri&-C31 the length of throughwall corrosion was listed as

210
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Tube R28-C41 was immnally leak tested to Post test evaluation of the data indicated
that the leak rates exceeded the capability of about for the leak measurement facility
Subsequent leak testing 1n a new facility with increased capacity showed that the later leak
tests were affected by prior opening of the cracks (hysteresis) in the imitial leak test and the
test results above normal operating conditions are not reliable Tube R33-C20 and R42-C43
were tested in the larger leak rate capacity facility and the measurements are considered valid
Tube R33-C20 was also tested to in the initial leak test facihity so that SLB
measurements of in the new facility are considered valid measurements

Room temperature burst testing resuited in axial burst opemings in all specimens.  The
openings were centered in the crevice regions  The circumferential position of the crevice
region specimens burst openings were the same as the location of the deepest UT indications.
The burst pressures were for R28-C41, for R33-C20 and for R42-
(43 The burst pressure of R28-C41 was believed to have been influenced by the above
noted repeated leak testung at SLB conditions and sigmficant tube deformation during removal
hobbin voltage increased from following tube pulling operations) These
effects caused a premature opeming of the burst crack No crack up tearning was associated
with the burst and the length of the burst opening was less than the macrocrack length For
these reasons. the burst data for R28-C41 1s considered unreliable. The burst test values for
R33-C20 and R42-C43 are consistent with the mean regression of the voltage-burst
celationship, while the actual burst test data for R28-C41 is below the mean but above the
lower prediction interval Burst and leak test results for the Plant S indications are given
in Section 4

Destructive Examination Results. The burst fracture faces of the FDB crevice region
specimens were opened for SEM fractographic examinations The burst openings occurred 1n
axial macrocracks that were composed of numerous axially oriented intergranular microcracks
of OD ongin  In the case of the FDB region of tubes R28-C41 and R33-C20, the burst
fractute occurred in a single axial macrocrack composed of microcracks confined to a narrow
axial band In the case of the FDB region of R42-C43, the burst fracture was composed of

parallel axiai macrocracks apart The centers of these macrocraks
were connected near the centers of the macrocracks by a "V-shaped" throughwall macrocrack
The length of each side of the "V-shaped" macrocrack was approximately

All of the axial, burst related macrocracks were throughwall for an unusually long fraction of
the macrocracks, resulting in very high calculated average depth values. The macrocrack

length and average depths were deep and , for
tubes R28-C41 and R33-C20, respectively Tube R42-C43 had cracks forming the burst
opening with lengths and averaged depths of

Most of the burst fracture microcracks had interconnected during operanon, however, a small
number of ledges exhibited dimple rupture features, indicaung they had torn during the burst
test. Figures 2-30, 2-31, and 2-32 are sketches of the cracks distributions around the tube
OD, post-burst testing  The sketches show the locations where cracks were found and their
overall appearance, not the exact number of cracks or their morphology

2-13
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SEM Fractography Data on Corrosion Present on Plant R<1 SG Tubes
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Figure 2-4  Photomicrographs of radial metallography performed on a region with axial
and circumferential degradation on Plant L tube R16C74, TSP 1 Cellular IGA
*as found with little change in the ceil shape and cell wall thickness at depths
of . below the OD surface Note that the cut section was
flattened, preferentially opening the circumferential wall of the cells



Figure 2-5 Normal burst pressure curve and R7C71. TSP2 with fitting leak and with
recorder malfunction.
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Figure 2-6. Sketch of the crack distribution found at the second support plate
crevice region of tube R7-C71 from Plant R-1. Included is the
location of the burst test fracture opening. The QD origin intergranular
corrosion was confined 1o the suppon plate crevice region, including
that found on the burs! fracture face.
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Figure 2-7.

Sketch o the crack distribution foun. * ‘he third support piate

crevice region ¢’ tube R7-C71 from Fiant R-1. Included is the

loca’.on of the burst test fracture opening. The OD origin intergranular
cor osion wac onfined 10 the support plate crevice region, including
th2, found on the burst fracture face.
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Figure 2-9.

Sketch of the crack distribution found at the third support plate
cravice region of tube R9-C76 from Plant R-1. included is the
iocation of the burst test fracture opening. The OD origin
intergranular corrosion was confined to the support plate crevice
region, including that found on the burst fracture face.
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Figure 2 - 13.  Higher maanification (10QX) photomicrographs of the ICC shown
in Figure 2 - 12.
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Figure 2 -15. Plant R-1 Pulled Tube R5-C112, TSP 2. Crack Before ard After Burst Test
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Figure 2 - 16.

Plant R-1 Pulled Tube R5-C112, SP3: Incremental Grind and Polish Results.

2-31






L8, TSP ¢ ack After Bur




Figure 2 9. Plant R-1 Pulled Tube R10-C69, SP3: Incremental Grind and Polish Resuits.
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Figure 2 20. Plant R-1 Puled Tube R7-C47. TSP 3. Crack Afler Burst Test
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P ant R-1 Pulied Tube R7-C4




Figure « - 22 Vlant R-1 Tube R7C47, SP 3: Crack Depth Profile
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Figure 2- 23 Plant R-1 Pulled Tube R10-C1 "SP 3 Crack After Burst Test




Figure 2 - 24. Plam R-1 Pulied Tube R10-C8, SP2: Incremental Grind and Polish Results.



Figure 2 - 25, Radial metallographic section through a portion of the third
Support plate crevice region of tube R19C35 from Plant E-4. A
Cellular IGA/SCC structure is observed. The depth of the section

was n¢ specified.
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Figure 2 - 26

Radial metallographic section through a portion of the fourth support
plate crevice region of tube R19C35 from Plant E-4. A cellular
IGA/SCC structure 1s observed The depth of the section was not
specified
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Figure 2-27. Deseription of OD corrosion at the fifth support plate crevice
e on of tube R4-C81 from Plant B-1,
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Figure 2-28. Network of small. mostly circumterentially oriented OD surface cracks
observed in the fifth suppont plate region of tuba R4-C61 from Plant B-1,

G
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Figure 2 -29. Photomicrographs of tube R4-C81 corrosion degradation. Top photo shows axial cra
mophology (transverse section) at the ‘1th support plate location (no transverse
metallography was performed at the fifth ~upport plate region). Bottom pho'n shows
circumferential crack morphoiogy (axial section) at fifth support plate regior
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Figure 2 -31  Sketch of the crack distribution found at the flow diziribution baffie plate crevice region of
Tube R33-C20 Included is the location of the burst test fracture opening
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Figure 2 -32  Skeich of the crack distribution found at the flow distribution baffie plate crevice region of
Tube R42-C43 Included is the location of the burst test fracture opening
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Figure 2 - 33, Low magnification (16x) montage of a rachal metallographic section deep obtained
at the FDB region of Tube R28-C41 showing intergranular cellular corrosion (ICC) and

axial IGSCC
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For the Belgian data, both Zetec and Belgian equipment were used to obtain the
data. In addition, the Belgian ASME calibration standards were cross-calibrated to the
reference laboratory standard.

The Zetec bobbin coil data tapes tor were independently evaluated by
Westinghouse for 53 TSP intersections. Figure 3-1 shows the correlation between the
Westinghouse and Belgian (Laborelec) voltage evaluations. It is seer that both evaluations
are in excellent agreement so that either Westinghouse or Belgian data analyses may be used
for ARC applications. Where Westinghouse evaluations are available, they are used as the
referenc ¢ voltage amplitudes to enhance general consistency with the other ARC daia. Where
not available, the Laboreiec evaluations are used.

Evaluations of the Belgian ASME calibration data were performed to assess potential
differences between Belgian and domestic ASME calibration standards and probes. Table 3-1
summarizes results of a Westinghouse assessment of the Belgian field data for the Belgian
ASME standard and compares the results with values obtained using domestic standards and
probes. For results normahized o for the ASME hole. it is seen
that the Be!zian standard/probe leads to lower voltages tor the remaining holes including the
Belgian throughwall holes. This leads to a ratio of about for the Echoram
probe versus about for the Belgian standard/probe when the ARC
normalization 1s compared to the Belgian normalization. To further evaluate this
difference, a domestic ASME calibration standard and an Echoram probe were provided to
Laborelec for both 3/4 inch and 7/8 inch tubing. Cross-calibration results for the 3/4 inch
LS. r-ansfer standard are shown in Table 3-1, for which the transfer standard vielded

for the hole corresponding to for the laboratory standard.

Laborelec evaluated the differences between Belgian and U.S. standards/probes using the
Belgian marufactured luboratory ASME standard, the U.S. manufactured transfer standard
cross calibrated to the reference laboratory standard, a Belgian probe and an Echoram probe.
Holes in the Belgian ASME standard were obtained by EDM while the U. S. standards are
drilled. Holes sized for the ASME and holes were measured and found to be
in close agreement such us to minimize tolerance effects on the measurements. The
manufaciuring process for the standards and the influence of probe design were separately
evaluated. Results of the Laborelec evaluation are given in Table 3-2. Results for the
manufacturing process ¢ mpare measurements for the domestic drilled hole standards with the
Belgian EDM hole standards. Voltages were normalized using the Belgian standard as
applied for field measurements and then compared to voltage measurements for the U. S.
drilled standard. From Table 4-2, it is seen that ratios of EDM to drilled hole voltages for
throughwail holes ( holes) are approximately for 3/4 inch tubing and

for 7/8 inch tubing. However, for the ASME holes, the EDM/drilled ratio 1s
for 3/4 tubing and for 7/8 inch tubing The
ratio factor of represents a direct adjustment factor to the Plant E-4 pulled tube voitage
measurements obtained at this mix with a Belgian ASME standard.



To further check this rato. additional Belgian standards were cross-calibrated against each
other and found to be 1n excellent agreement (within tight EDM tolerances). For exampie,
the field ASME standard used for the Plant E-4 measurements was cross calibrated against
the Belgian laboratory standard and found to have a cross calibration factor of

Laborelec also evaluated the influence of probe design on ratios between the same simulated
defect and between frequencies using the U. S. calibration standard. Results are also given in

Table 3-2. For 3/4 inch tubing, the differences between probes are small for holes

and even smaller for throughwall holes. These differences are typical of probe to probe
vartations of the same manufacturer or between domestic manufactures and can be ignored as
a correction for ARC data. These vanations are included in the ARC database for model
hoiler and pulled tube data for which the small probe to probe differences contribute to the
spread of the burst and leak rate data. For 7/8 inch tubing, the differences between Echoram
and Laborelec probes at are more significant , while small at

Based on the above results, the net adjustment factor of the Plant E-4 data for
cross-calibration of ASME standards are obtained as follows.

Cross-calibration of Laborelec laboratory
standard to U. S. transter standard.

Cross-cahibration of Plant E-4 standard
to Belgian laboratory standard.

Cross-calibration of U, §. transfer standard
to reterence ARC laboratory standard.

Net cioss-calibration factor

Thus, the Plant E-4 pulled tube voitages measured at with the Belgian ASME
standard need to be increased by a factor of

The Plant E-4 field measurements at (ARC normalization) and at

(Belgian normalization) can be applied to obtain a general correlation for renormalization of
Belgian data (3/4 inch tubing) to the ARC normalization. Figure 3-2 shows the correlation
obtained for the voltage renormalization based on Zetec equipment for the data
(adjusted for cross calibration of ASME standards) and Belgian equipment for the

data. When Zetec equipment is used for both measurements, the correlation has less spread
than that of Figure 3-2. The slope of for large voltages is similar to the ratio obtained
for throughwall defects in Table 3-1, while the low voltage slope of ~ was feathered into
the correlation based on consistency with the ASME hole data of Table 3-1. The
renormalization factors thus increase with increasing voltage. The correlation of Figure 3-2 is
to be applied for incorporating Belgian data at into the ARC database.
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Figure 3-2

Belgian (3/4" Tubing) Voltage Renormalization to U. S. ARC Calibration
for Plant E-4 1992 Voitages indications at Tube Support Plates
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Figure 3-4 Signal Amplitudes at for Plant R-1 TSP
ngications
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Figure 3-8 Bobbin Coil Voltage Dependence on Slot Length and Depth - 0 875" Tubing
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40  PULLED TUBE DATA EVALUATION

This section identifies the field experience data from operatung steam generators that are
utilized in the development of alternate repair critenia (ARC) for ODSCC at TSPs. The field
data utilized for 3/4 inch diameter tubing include pulled tube examination results from both
domestic and European plants and occurrences of tube ieakage for ODSCC indications at
support plates. Emphasis for the pulled tube data are placed on bobbin coil voltages, burst
pressures and leak rate measurements.

4.1 Pulled Tube Data Base Summary

The available pulled tube data base for ODSCC at TSPs in Westinghouse steam generators is
summarnzed in Table 4-1 for both 3/4 and 7/8 inch diameter tubing. The number of 7/8 inch
pulled tubes 1s provided as a general comparison with the 3/4 inch data and is not utilized in
the 3/4 inch evaluation of this report. Both tubing sizes have a comparable number of pulled
tube intersections, although the 7/8 inch tbing has more tube burst data. The 3/4 inch pulled
tube data cover a much wider voltage range than the 7/8 inch data :
In addition. there 1s a much larger leak rate database for 3/4 inch tubing. None of the pulled
tubes have been reported as leakers duning plant operation. The field eddy current data for all
pulled tubes were reviewed for voltage normalizauon consistent with the standard adopted
isee Section 3.1) for the plugging ceiteria development

Table 4-2 summarizes the available information on three suspected tube leaks (3/4 inch
tubing) attributable to ODSCC at TSPs in operating steam generators, These leakers occurred
in European plants, with two of the suspected leakers occurring at one plant in the same
operating cycle, In the latier case, (Plant E-4), five wbes including the two with indications
at TSPs were suspecied of contributing to the operating leakage. Leakage for the two
indications at TSPs was obtained by a fluorescein leak test as no dripping was detected at
secondary side pressure. For the Plant B-1 leakage indication, other tubes also centributed

to the approximately total leak rate. Helium leak tests idenufied other tubes leaking
due to PWSCC indications. Using relative helium leak rates as a guide, it was judged that
the leak rate for the ODSCC indicauon was less than . These leakage events indicate

that imited operating leakage can occur for indications above about

Evaluations of the 3/4 inch diameter, pulled tube burst and leak rate data are given in
Sections 4.3 to 4.6, The results support ODSCC as the dormunant degradation mechanism,
¢Ithough the indications were not burst tested and are too small for tube leakage
considerations. The most extensive |*ak rate and burst test data for 3/4 inch diameter pulled
tubes are from Plant R-1 and Plant E 1. as described in Sections 4.3 and 44. Plant S
(Section 4.5) provides the largest pul eu tube voltage indication at with burst and
leak rate measurements.




4.2 Tensile Properties for Pulled Tube and Model Boiler Specimens

The 3/4 inch diameter model boiler specimens have vbove average tensile properties while the
pulled tube data have both higher and lower tensile properties than average values The
tenstle property differences between model boiler and puiled tube data are greater for 34 nch
tubing than found for 7/8 inch tubing. The 344 inch model boiler tubing had above average
matertal properties, while the 7/8 inch model boiler tubing had properuies shghtly below
average. For both the 3/4 and 7/8 inch tubing ARC development, all model boiler and pulled
tube burst pressure data are renormalized to approximate average tensile properties (
for Sy+Su) for Westinghouse tubing as deseribed in this section.

Tubing manufac.uring data have been utilized to develop mean tensile properties together

with the standa d deviation and lower tolerance limit ac room temperature and
These data are tiven in Table 4-3  Also given in the table are the values for (Sy + Su). An
Sy+Su value of at room temperature is used to normalize the

measured burst pressures tor the model boiler and pulled tube data. The rato of the

Lower Tolerance Limut (LTL) flow stress at flow stress at room temperature
ts utthzed to adjust the voltage/burst correlation obtamed at room temperature to obtain the
operating temperature LTL corvelaton

Table 4-3 also includes the tensile properties for the 3/4 inch model boiler specimens and for
each of the available pulled tubes. Since burst pressures are proportionai to the flow stress,
the measured burst pressures are normahized 1o approximate mean properties by the ratio of
the tubing mean (Sy + Su) of (flow stress of ) at room temperature to the ube
specific (Sy + Su) given in Table 4-3.

4.3 Evaluation of Plant R-1 Pulled Tubes

This paragraph describes the evaluation of Plant R-[ tubes pulled in 1992 and n 1991, The
burst and leak rate measurement, are evaluated and summarized below.

4.3.1 Tubes Pulled from Plant R-1 in 1992

Three tubes with six intersections were pulled from Plant R-1 in 1992, All intersections were
burst tested at room temperature and leak tested at operating conditions as described in this
paragraph. Destructive examination morphologies and an evaluation of the R7C71, TSP 3
burst test are given in paragraph 2.2, Bobbin coil voltages were measured using the ARC
normalization at and ASME standards were cross calibrated to the reference
laboratory standard. The field and laboratory re-evaluation of the field NDE data are given in
Table 4-4  The bobbin voltages between both evaluations are in good agreement except for
ROCI1 TSP 2 for which the re-evaluation 1s atout higher. The field and laboratory
hobbir, evaluations for this indication are shown in Figure 4-1. The laboratory evaluation 1s
based on maximum peak to peak voltage utihzing guidelines for ARC voltage analysis. The
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. field evaluation utilized the maximum depth tlaw indication tor the voltage, which results in a
| somewhat smaller voltage. For consistency with the overall ARC database, the laboratory re-
' evaluations of the field data are used for the voltage amplitudes. The cross calibration
| comections were applied to the evaiuated data to obtain the final voltages as given in

Table 4-4

Table 4-4 summarizes the 1992 pulled tube data. Burst pressures were obtained for 3
intersections. As described in paragraph 2.2, the burst pressure for TSP 3 of R7C71 was not
reliably obtained due to @ malfunction of the pressure recorder during the burst test. All six

. intersections were leak tested at operating temperature conditions and the two intersections of

| R9C9| were found to have small leaks at SLB conditions. The 3rd TSP intersection had a
very small leak rate. The only throughwall corrosion found
through extensive destructive examination of this intersection had a throughwall
length which had opened to about following leak and burst testing. This indication
had a bobbin voltage of and represents the lowest voltage found to date for a
throughwall crack, as well as the lowest voltage indication with measurable leakage, although

the leak rate s negligibly small,

J The laboratory bobbin data show that R9C76 at TSP 3 and R9C91 at TSPs 2 and 3 had
post-pull voltages a factor of higher than pre-pull voltages. The tube spans between
TSP 2 and TSP 3 of R9C76 and between TSP | and TSP 2 of R9C91 had significant (

. respectively) tube elongation resulting from tube pulling operations. The tube pull
report shows the highest pull toree of occurred as tne second TSP intersection ot
RACY | entered the secondary face of the tubesheet. A maximum pull force of was
applied to the other tubes, These results support an expectation that the increases in post-pull
voltages are a consequence of damage (ligament tearing) from the tube pulling operations.
Ligament tearing would likely have the greatest influence on measured leak rates at normal
operating conditions. Influence on SLB leakage is also possible but les, conclusive since the
related ligament tearing could have occurred at the SLB pressure differeatials. For ROC76
with measurable SLB leakage, throughwall corrosion was found by destructive examnation
and the leak rates are included in the database. although tube pulling damage may have
influenced the leak rates.

The crack morphology was found to be principally axial ODSCC with some local patches of
cellular corrosion. Based on progressive radial (into tube wall) grinding, the cellular
conosion was found to about depth, with deeper penetrations showing only axial cracks.
This pattern of partial depth cellular cracking with deeper axial cracks has been found at all
cellular indications examined by radial metallography. including the Plant E-4 indications
with greater cellular involvement. All indications were located entirely within the TSP

intersections.
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Also shown in Table 4-5 are the Westinghouse evaluated RPC voltages based on evaluation
of the available field data at with normalization to for a long EDM
notch. The field RPC voltages were normalized to for the ASME holes and are not
directly comparable to the ARC voltages normahization.

Table 4-4 summarnizes the Plant R-1. 1991 pulled tube results. Four of the intersections had
increases in bobbin voltages by a factor of between pre-pull and post-pull inspections.
None of the intersections had throughwall corrosion. Eight of the nine iniersections showed
no leakage during room temperarure pressurization tests, which is consistent with the
maximum corrosion depths ranging from insignificant to depth. The crack morphology
was found to be raultiple axial ODSCC with negligible volumetric IGA nvolvement. The
destructive exam did not include radial metaliography to examune for potential patches of
cellular corrosion. All indications were entirely within the TSP intersection and nearly
centered within the TSP,

4.4 Fvaluation of Plant E-4 Pulled Tube Data

Recent (1992, 1993 tube puils from Plant E-4 provide a major contribution to the 3/4 inch
tubing burst pressure and leak rate data base. Burst and/or leak rate data were obtamned for
17 tubes and 25 TSP intersections with bobbin indications. NDE data for 10 of the
'ntersections on 6 tubes were obtained at the ARC voltage normalization.
The eddy current data were obtained to the Belgian and ARC voltage normalizations to
provide the basis, as described in paragraph 3.2, to convert prior and future Belgian data to
the ARC data base. The results of cross calibration of Belgian (EDM holes) and domestic
(driiled holes) ASME calibration standards are discussed in paragraph 3.2.

For five of the 1992 pulled tubes leak and/or burst tested, the Plant E-4 eddy current data
were collected for the ARC voltage rormalization as well as the Belgian normalization. For
the ARC data. both Zetec and Belgian equipment were used to obtain the data.
In addition, the Belgian ASME calibrauon standards were cross-caiibrated to the reference
laboratory standard. which resulted in a factor on the Belgian data as described in Section
3.2, Table 4-6 sumsnarizes the NDE results for the five puiled tubes. The bobbin data were
evaluated by both Laborelec and Westinghouse with the results shown in the table. Voltages
between the two evaluations are in excellent agreement. The last column of Table 4-6 shows
the ARRC voltages for these indications, which include the factor for cross-calibration of
ASME standards. As given in Section 3.2, the more complete Laborelec field measurements
obtaining ARC and Belgian voltage normalizations were used to obtain the correlation of
Figure 3-2 for renormalizing the Belgian voltages to the ARC mix and ASME

hole calibration. This correlation has been applied to obtain the ARC voltages for Belgian
pulled tubes, except for the six tubes in Table 4-6.
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Leak rate and burst test measurements were performed on the Plant E-4 pulled tubes as
summanzed in Table 4-7. These data inciude free span burst and leak rate measurements for
bobbin voltages up to . and provide an extensive pulled tube database over a wide
voltage range The Plant E-4 burst tests were performed with a plastic bladder and no foil
remforcement.  The burst test results showed tearing, except for tube R26C47, and are
considered to require no adjustrnents to burst pressures other than the adjustment for material
properties. Tube R26C47 is included as a minimum burst pressure since no tearing occurred.

The leak rate mcasurements are also given in Table 4-7. This table includes tubes R19C35
and R26C47. which had been previously (1991) pulled and examuned. Leak rates were
measured at room temperature. The Plant E-4 leak rate measurements were made at room
temperature at and for normal operating and SLB
differential pressures. respectively. Laborelec has defined an analytical procedure using
measured leak rate dependence on pressure differentials to adjust the room temperature test
results to prototypic temperatures and pressure differentials. The adjustment procedure is
described in Appendix B and confirmed against more detailed crack models (in the computer
code named CRACKFLO). The adjustment procedure is applied to the measured leak rates
given in Table 4-7 (various aPs) to obtain the adjusted leak rates given in Appendix B and
Section 6.2,

The Plant E-4 pulled tubes have been found to have axial ODSCC and cellular SCC crack
morphologies. The cellular morphology involves larger areas than found for the Plant R-1
pulled tubes. Similar to the Plant R-1 morphology, the cellular SCC depth is limited: deep or
throughwall indications have axial onentation.

4.5 Evaluation of Plant S Pulled Tube Data

Three tubes with flow distribution baffle (FDB) intersections were pulled from Plant § in
1993, These indications are the three largest voltage indications removed
from domestic plants and the mdication 1s the largest pulled tube voltage in the 3/4
inch tubing ARC database. The pulled tube results are given in Table 4-8,

Bobbin voltages from the field and laboratory re-evaluation of the field data are in good
agreemment. The voltages include cross-calibration of the field ASME standard to the
reference laboratory standard.

The leak rates tor R33C20 and R42C43 were measured at threc pressure differentials above

. The three measurements are used in Appendix B to interpolate or extrapolate the
leak rates to reference pressure differentials for which the values at are
given in Table 4-8.  As noted in Section 2, the leakage for R28C41 exceeded the capability of
the facility and the SLB leak rates are not reliable; hence, the data can only be used in the
probability of leakage correlation. The measurements for R33C20 and R42C43 were obtained
in & new, large capacity facility and are valid measurements. Tube R42C43 has two
significant throughwall cracks contributing to the leak rate.



The burst test for R28C41 did not result in crack tearing and the opened crack length was less
than the macrocrack length as discussed in Section 2. The burst pressure does not represent a
complete burst and the test data are not reliable The burst tests for R42C43 and R33C20 are
considered to be reliable measurements as described in Section 2

The crack morphologics for R42C43 and R28C41 have significant celiular corrosion, to
depths of respectively, in associanon with the deeper SCC indications Only a
smal! ICC patch was found on R33C20, which had a single dominant axial indication

4.6 Evaluation of Plant B Pulled Tubes
Bobbin and destructive examination data are available from four tubes and |7 pulled tube

intersections from Plant B Units | and 2 as given in Table 4-9 However, only the 5th TSP
intersection of Unit | tube R4C6H1 was burst tested.  The bobbin data were obtaiied at a

mix normalized to for the mix at the ASME hole The
mix 1s sufficiently close to the m-x of the ARC normalization such that no
voltage adjustment 15 necessarv  The pre-pull field bchbin voltage for this indication was
and the maxaimum depth was The post-pull bobbin data was and

depth

Tube R4C6! at the Sth TSP was burst tested wath no blidder and inside a TSP simulant {
diametral gap). No leakage was detected (by loss of pressure) until the

crack opened to a large leak rate and loss of pressure at The inminal crack was
found by destructive exam to be long with a long throughwall penetration
Given the throughwall penetration and that leak rates were not measured with significant
accuracy, this indication 1s not used in the ARC leak rate database. The post-burst crack had
minor opening of the crack faces, with negligible teaning at the edges of the crack. The
maximum change in tube diameter as a result of the burst test was OD or about

, which 1s less than the diametral clearance in the simulated TSP Thus, there
is no apparent influence of the TSP on the leak/burst test such that the data point can be used
as a lower bound to the burst pressure

No metallography was performed on the axial indications at the Sth TSP. A mapping of the
OD indications was obtained visually following the burst test. The axial indications are
typical ODSCC with negligible IGA involvement.  Short circumferential branch indications
show more IGA involvement at the faces of the cracks The largest axial macrocrack was
examined by SEM fractography and tound to be long with throughwall
penetration.  The crack was nearly throughwal! for a length individual
microcracks comprising the macrocrack had mostly gr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>