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1.0 INTRODUCTION

This report provides the technical basis for tube plugging criteria for outside diameter
stress corrosion cracking (ODSCC) a! tube support plate (TSP) intersections in the

Farley Units 1 and 2 steam generators {SGs). The recommended plugging criteria are
based upon bobbin coll inspection voltage amplitude which is correlated with tube burst
capability and leakage potential. The recommended criteria are demanstrated 1o meet the
puidelines of Regulatory Guide 1.121.

The tube plugging criteria a& based upon the conservative assumptions that the tube 10
TSP crevices are open (negligibie crevice deposits or TSP corrosion) and that the TSPs
are displaced under accident conditions. The ODSCC generated within the TSPs is thus
assumed to be free span degradation under accident conditions and the principai
requirement for tube plugging considerations is 1o provide margins against tube burst

per R.G. 1.121. The open crevice assumpticn leads 1o maximum leak rates compared to
packed crevices and also maximizes the notential for TSP displacements under accigent
conditions. Tests performed with incizient denting or dented tube intersection show no

or very small leakage such that leakage even under SLB conditions would be negligible.
Itis demonstrated, using Farley Unit-1 as an example, that if the crevices are packed as
8 consequence of TSP corrosicn or if small tube 1o TSP gaps are present, TSP
displacements under accident conditions are minimal such that tube burst would be
prevenied by the presence of the TSks. TSP displacement analyses under SLB loads were
also performed for the open crevice assumption and the further conservative assumption
of zero friction at the tube to TSP intersections and also for the TSP wedge 10 wrapper
interaction. The wedges are installed in the TSP to wrapper gaps 1o align the TSPs for
tubing of the SGs. While the TSP wedges are pressed into the gap during manufacturing,
the foroes are not known and thus the preload or friction force at the TSP to wrapper
intertace is not known. It is reasonable to expect that the friction forces at the TSF to
wrapper interface would significantly reduce TSP displacemer‘s under accident
conditions. However, the analytical results based upon the open crevice/zero friction
assumptions indicate the potential for TSP displacements under SLB conditions such that
prevention of tube rupture cannot be assured for the 51 Series SGs with the applied
analytical assumptions. Thus the requirements for tube burst margins assuming free
span degradation have been applied to develop the tube plugging criteria.

The plugging criteria were deveioped from testing of laboratory induced ODSCC
specimens, exiensive examination of pulled tubes from operating SGs and field
experience for leakage due to indications at TSPs. The recommended criteria represent
conservative criteria based upon EPRI and industry supporied development programs
that are continuing toward turther refinement of the plugging criteria. Revision 2 of

this report significantly increases the pulled tube data base for the voltage versus burst
pressure correlation compared 10 the initial release of this report. The increased data
base provides additional support for utilzation of burst pressures at the lower 95%
confidence level as the basis for the tube plugging limits.

Implementation of the tube plugging criteria is supplemented by 100% inspection
requirements at TSP eievations having ODSCC indications, reduced operating leakage
requirements, inspection guidelines 10 provide consistency in the voltage normalization
and RPC inspection requirements for the larger indications left in service to



characterize the principal degradation mechanism as ODSCC. In addition, It is required
that potential SLB leakzge be calculated for tubes left in service 10 demonstrate that the
cumulative leakage Is less than allowable limits.

Two tubes were pulled from Farley Unit-2 in November, 1890 to provide direct

support for these criteria. Tasting on these pulled tubes included leak ‘ate tests, burst
pressure tests and destructive examinations 10 establish crack morphology. In addition,
results of prior puiled tube examinations from Farley Units-1 and 2 and other plants

have been used 10 support the tube plugging criteria.

To provide the technical bases for tube plugging due to ODSCC at TSPs, the following
activities have been performed as documented in this report:

0

Summary of Regulatory Requirements against which the recommended plugging
criteria are evaluated - Section 3

Review of Farley-1,2 and other plant pulled tube examinations - Section 4

Review of Farley-1,2 eddy current inspection results including historical growth
rate data - Section §

Review of field experience trom pulled tube data and plant leakage occurences 10
define the field data base which is supplemented by laboralory tests 1o develop the
plugging criteria - Section 6

Preparation of cracked test specimens for NDE and leak testing in @ mode! boiier or
dopeu steam environment for inducing ODSCC cracks, or by cydlic fatigue 10
produce cricks in the test samples - Section 7

NDE aralysis guidelines, measurement uncertainies, and NDE ingpection resuls
for the test specimens based upon defined procedure and cate analysis guigelines
and including sensltivity 10: probe manufacturer, opén or packed crevices, probe
wear, elc. - Section 8

Burst and leak testing 1o relate the NDE parameters 10 burst pressure and SLP leak
rates - Section 9

Results of 1est specimen destructive examinations 10 assess prototypcality of
sample tube crack morphaiogy and 1o characterize test specimen crack sizes and
depths - Section 10

SLB evaluations to assess TSP displacements +nder SLB lbads, p'ant requirements
on SLB leakage limits and & deccription of the SLB leakage rmodel - Section 11

Integration of the inspection and bursi test results 0 develop the tube plugging
criteria - Section 12

Descripticr: of eddy current data analysic guidelines for anplication of the plugging
critera - Appendix A



o Evaluation of the pulled tube data from Plant L - Appendix B

The overall summary and conclusions for this report are described in Section 2.



20 SUMMARY AND CONCLUSIONS

The report describes the technical support for tube plugging criteria for ODSCC at TSPs
applicable 1o the Farley Units 1 and 2 SGs. The plugging criteria are based upon use of
bobbin coll inspection voltage amplitudes. These eddy current measurements are
directly correlaied to tube integrity issues including tube burst margins and the

potential for tube lerkage under postulated accident conditions. Eddy current and leak
rate measurements from pulied tubes and laboratory cracked specimens as well as field
dala have been used to correlate voltage plugging limits 1o leakage potential and tube
burst capablliity. Regulatory Guide 1,121 for tube integritv guidelines as well as the
General Design Criteria are shown 1o be satisfied by the tube plugging criteria of this

report.

This section summarizes the tube plugging critena uinder Overall Conclusions (Section
2.1) and the key results of the development program under Summary (Section 2.2).

2.1 Overall Conclusions

The general approach taken 1o develop the tube plugging criteria for ODSCC at TSPs
includes:

1)

Specifying conservative burs! correlations based on free (uncovered) span ODSCC
under accident conditions to demonstrate structural iniegrity.

2)  Conservatively assuming open crevice conditions to maximize leakage potential.

3)  Satistying the R.G. 1.121 structural guidetines for tube burst margins by
estabiishing a conservative structural kmit on votage amplhude that provides
three times normai operating pressure differential for tube burst capability.

4)  Satistying the FSAR requirements for allowable leakage under accident conditions
by demonstrating that the dose rate associated with potential leakage from tubes
remaining in service is & small fraction of 10 CFR 100 limits.

5)  Including considerations for crack growth and NDE uncertainties in both the
siructural assessment and S! B leakage analysis.

6) Spodfytnganqummbpodwm1macmoabnmdmotmTSP
intersections and all cold leg intersections down to the lowest coid leg TSP where
ODSCC indications have been identified.

The resulting tube plugging criteria for ODSCC at TSPs in Farley Units 1 and 2 can be

summarized as follows:

Jube Plugging Criterion

| Tubes with bobbin coil indications exceeding 3.6 volts will be plugged o repaired.



SLB Learace Critecion

Fred'cted SLB leak rates from ODSCC at TSPs for ihe tubes left in service must be less
than 55 gpm for each SG, including consigerations for NDE uncertainties and ODSCC
growih rales

A 100% bobbin coll inspection shall be performed for all hot leg TSP intersections and
all cold leg Intersections down 1o the lowes! cold leg TSP ith ODSCC indications.

All tlubes with bobbin coll indications »1.5 volts at TSP intersections shall be inspected
using RPC probes. The RPC results shall be evaluated to support ODSCC as the dominant
gegradation mechanism, indications at TSPs confirmed to be ODSCC shall be reinspected
by RPC during alternate refueling outages for reconfirmation as ODSCC

in imib

Plant s. tdown wil ue implemented If normal operating leakage exceeds 150 gpd per SG.

< { ina O .

Tubes with RPC indications not attributable to ODSCC or with circumferential

indications shall be evaluated for tube plugging based on a 40% eddy current indicated
depth limit

Although the tube plugging guidelines of R.G. 1.121 are used 1o establish lube plugging

limits, the potential for tube burst at SLB conditions Is shown 10 be negligible basud on
both deterministic crack length considerations and probabllity estimates. The burst
pressure versus crack length correlation utilizing the Beigian burst data (EPRI
NP-6864-L) developed under prototypic flow conditions shows that a thvough wall

crack length of 0.84 inch is required for tube burst at SLB pressure differentials. This
crack length exceeds the 0.75 inch TSP thickness which bounds the poiential crack
lengths for ODSCC at TSPs. Consequently, tube burst for ODSCC Is essentially preciuded
Dy the crack length limit. More over, an altemate assessment was performed by Monte
Carlo analyses considering the probabilities associated with a limiting EOC (snd of
Cycle) voltage including allowances for NDE uncertainties and growth. This analysis
shows that an indication left in service at the tube plugging limit would have &
conditional probability of burst &t SLB conditions of ~3x10°S per cycle. This vaiue

does not include the probability of an SLB event occutring; hence, the actual burst
probability (combined probability of SLB and burst) would be further reduced. in
addition, it is shown that even the small degree of tube denting in Farley-1 together with
EC detected TSP cormsion provide tube to TSP contact pressures that prevent TSP
displacement under accident conditions. A partial assessment of Fariey-2 TSP corrosion
indicates the likelihood that an evaluation, f completed for Farey-2, would also
demonstrate no TSP displacement. Thus tube burst is not a significant concern for
application of the plugging limits for ODSCC at TSPs. The use of free span burst
pressure criteria to establish tube plugging limits thus leads to very conservative
piugging limits




2.2 Summary

A summary of the results of this report is provided below:

Regulatory Requirements

©  Tube Imegrity acceptance criteria for $G tubes are defined in Fiegulatory Guide
1.121 and General Design Criteria. For tubes with through wall cracks, these
criteria establish guidelines for tube burst marging and operaung leakage limits.
The tube plugging limits of this report are developed 1o demonsirate that these
puidelines are met.

0 FSAR accident analyses include tube leak rates utllized io show acceptable
raciological consequences. A limiting accident condition leak rate of 55 gpm per SG
in an SLB event was developed 10 meet site boundary dosage limits. At each outage,
projected potential SLB leak is determinad for tubes left it service 10 demonstrate
satistaction of the 55 gpm leakage limit.

Eulled Tubes trom Farey SGs

©  Two tubes pulled from Farley-2 In 1890 and one tube pulled in 1886 (examined in
1991) have been leak anc burst tested 10 support the tube plugging criteria. Prior
Farley pulled tubes with significani cracks include one additional tube from Unit 2
and one from Unit 1. These tubes had crack depths exceeding 60% and voltages
ranging from 0.3 to 9.8 volts. Three tubes having voltages ranging from 2.8 to 9.9
volts had short through wall indications. None of these tubes were identifiable as
lsakers in servica. Nine additional Farley-2 TSP intersections from 3 tubes were
destructively examined and found 1o have insignificant (<22% depth) degradation.

0 Twoof the five Farley tubes with significant indications had bobbin coll amplitude;
of 2.8 and 9.9 volts, indicated depths of 82% and 88% and through wall crack
tangths of 0.18 and 0.15 inch, “espectively. Laboratory tests showed no significant
leakage (a few drops indistinguishable from test system leakage) at normal
operating conditions. These tubes had very low SLB leak rates of <0.2 Vhr (~1

opd).

¢ Twoof the five Farley tubes at 1.44 and 7.2 volts with bobbin coil indicated depths
of 68% and 83% had actual crack depths of 76% and 100% {0.02" through wall
crack length), respectively. The tube with the 1.44 volt indication was leak tested
with no leakage &t normal operating and SLB conditions. It can be inferred from the
crack morphology that the tube with the 7.2 volt Indication would not have
measurabie leakage even at SLB conditions.

° menwn:womsummenbnomswowmmm
exceed Reg. Guide 1.121 guidelines for 3 times normal operating pressure
diffurentials (4380 psi) on a temperature anc minimum property adjusted basis.

0 Aitctalof 14 TSP inlersections irom 8 tubes have been examined for TSP
degradation. The tube pulls occurred betwenn 1985 and 1880. None of the ube



exam results show significant IGA involvement with ODSCC being the dominant
degradation mechariism. These results show that IGA has not Deen an active
corrosion mechanism at TSPs in the Farley SGs and the six year trend Indicates that
significant IGA is not expected in luture operation.

Bulled Tubes trom Other SGs

© In addition to the B tubes puiled from Farley, the overall pulled tube data base
includes 21 pulled tubes with 57 tube 1o TSP interseciions that have both NDE and
destructive examination results. The bobbin ~oll indications for these tubes range
from 0.1 to 3.8 volts with destructive examination depths up to 98%. One tube
with & 1.9 volt indication had a through wall crack, 0.01° long. None of these tubes
would be expected 1o leak sven at SLB conditions and all would have free span burst
pressures that satisfy Reg. Guide 1.121 acceptance criteria.

© These pulled tubes suppor no leakage at normal operating or SLB conditions a!
voitages up 1o 3.8 volts, independent of depth, while the Farley tubes indicate no
measurable operating leakage up 1o about 10 volts and very low leakage at SLB
conditions above 2.8 volts.

© Owverall, the pulled tube data show multiple, segmented axial cracks with short
lkengths for the deepest penetrations. Through wall cracks have been identified in 4
tubes but the associated crack iangths are short (<0.18%) and have no measurable
lsakage at normal operating conditions.

o Pulled tube examination results ha. . ..een reviewed fro... 5 plants with more
s'znificant IGA involvemnent than found at the Farley SGs. These results indicate that
the degradation develops as IGA + SCC particularly when maxunum |GA depths
greater than about 25% are found. A large number (>100) of axial cracks around
the tube circumference are commonly found in these tubes. The maxdmum depth of
IGA is typically 1/3 to 1/Z of the SCC depth. Patches of celiular IGA/SCC formed by
combined axial and circumferential onientation of microcracks are frequently found
in pulled tube examinations.

o Comparisons of corrosion morphology between tubes have been made
semi-quantitavely using comparisons of cracking density, extent of IGA assoclated
with the major cracks and extent (depth, width) of IGA involvemant.

Qparating Plant Experience

o Todate, only 3 ubes in operating SGs have been identified as probable iube leakers
attributable to ODSCC at TSPs. No leakers for ODSCC at TSPs have been Wentifiad in
domestic plants. The occurrences were in European plants. These leaking tubes had
bobbin coll indicated depths exceeding 75% and voltage amplitudes of 7.7, 13 and
39 volts. Plant leak rates associated with these tubes cannot be guantified as other

tubes with PWSCC contributad to the totai plant leak rates of 63 and 140 gpd
associated with ODSCC leakers.



Bobbin coll Inspection results from domestic and European units for tubes with no
kKlentifiable leakage have been collected 10 support selection of plugging limits for no
expected operating leakage. These data include indications exceeding 10 volts
ampliiude and generally suppon negligible leakage for ODSCC at TSPs.

Based on voltage versus actual depth trends from pulled tubes, indications with IGA
and IGN'SCC show comparable or higher vollage levels than obtained for SCC with
minor IGA. These data support adequate detectability for IGA and IGA/SCC
degradation using bobbin coil inspections.

Inspaction results from Fransh units provide growth trends at BOC (beginning of

cycle) amplitudes higher than those obtained from domestic units. The French data
indicate that percent voltage growth is esszntially independant of BOC voltage
amplitude. Farley data, which are at lower BOC amplitudes, show a trend toward
decreasing percent voltage growth with increasing amplitude. For conservatism,
percent voliage growth is assumad 10 be independent of amplitude to develop the tube

plugging limits,

Fadey Qperating Experience 1or QDSCC a1l TSPs

Results from prior inspections at Farley Units 1 and 2 were evaluated 10 develop
growth rates for both voltage amplitudes and indicated depths. This assessment
indicatec that the ODSCC initiated prior to 1986. Improvements to secondary
chemistry and sludge management have led 1o progressively decreasing growth rates
since 1987,

Average growth rates over the last operating cycle in Farley 1 were 0.23 volt and
6% depth. For Farley 2, growth rates were 0.1 volt and <3% depth. Conservative
voltage growth rates over the last operating cycles were 37% for Farley-1 and
29% for Farley-2.

The eddy current review shows low levels of tube denting in Unit 1 and negligible
tube denting in Unit 2. Deniing progression has been negligible in both units for a:
least the last three operating cycles. TSP corrosion, indicating hard magnetite in
the crevices, was found by eddy current examination at most tube to TSP
intersections In Unit-1 and 10 & lesser extent in Unit-2.

ISE Displacernent Under SLE Loads

o]

The potential for TSP displacement under SLB loading conditions has been evaluated
for open crevices, for smali gaps and for corroded TSP conditions of incipient
denting which leads to contact forces batween the tube and the hard magnetite In the
crevices. Thess evaluations were performed to assess the potential for uncovering
of the ODSCC under SLE conditions.

With the corroded TSP conditions of the Farley Unit-1 SGs, the maximum SLB loads
on the TSPs are less than the forces resulting from tube to TSP contact pressures.
To support this conclusion, pull tests were performed to determine the force
required to pull the tube from incipient denting and dented crevice conditions.



These pull forces per TSP intersection ranged from | )9 pounds for incipient

denting up 1o | |® pounds for less than 1 mil dents. These results show that the
ODSCC at TSPs in Fariey Unit-1 SGe will continue 10 be enveloped by the TSPs even
under accident conditions and thus preciude the potential for tube rupture. A
comparable evaiuation was not performed for Farley Unit-2 SGs as the plugging
criteria are based upon free span ODSCC under accident conditions.

o  Analyses for TSP displacements with crevice gaps in an SLB event were performed
using finite slement, dynamic time history analysis methods. Conservative analysis
assumptions, such as no friction which ignores the TSP to wedge to wrapper contact
forces, lead 1o overestimates of the TSP displacements. Given these assumptions,
analyses for opan, as manufactured crevices, indicate potential displacements
ylelding plastic deformation of some TSPs. For these results, it could not be assured
that the TSPs would envelope the ODSCC at the times of increasing primary to
secondary pressure differentials in an SLB event. Rather than pursuing analytical
refinements of these models, the analyses were performed (o reflect the crevice
conditions of TSP corrosion as found by eddy current inspection. As noted above, the
incipient denting and dented conditions at TSP intersections prevent TSP
displacement under SLB conditions. TSP displacement analyses for varying crevice
gaps show that even If the TSP corrosion res:ted in up to [ 10 mil gaps at the most
limiting plate, the TSP displacements would not uncovsr the ODSCC.

Preparation of Cracked Specimens

o Sampies cracked due 1o ODSCC in model boilers with simulated TSP intersections
have been jound to produce crack morphologies and leak rates typicai of field
experience. This method of sample preparation is used for development of the tube
plugging limits.

o Samples prepared in doped steam were found 10 yield relatively open cracks, with
less prototypic crack morphology and voltage amplitudes as well as
non-prototypically high leak rates due 1o the high hoop stresses applied to crack
these specimens within reasonabie test pariods. These samples have only been
applied for tests with dented TSP intersactions to demonstrate the influence of
dented crevices on leak rates.

o Fatigue Induced crack specimens have also been used to evaluate the influence of
dented crevices on leak rates. Fatigue cracks were used based upon the capability o
closely control through wall crack lengthis and the reasonably predictable and
relatively high ieak rates associated with fatigue cracks.

Non-Destructive Examinaticns (NDE)

o Bobbin coil measurements of laboratory prepared uniform IGA specimens show
voltage amplitudes exceeding 1-2 volts for ~30% IGA depth. These results support
the fieki data trends indicating IGA and IGA/SCC detectability at comparable voltage
levels to that found for SCC.



The NDE program applied to laboratory specimens included sensitivity comparisons
for probes manufactured by two vendors. The probe vendor has been found 10 have
no impact on the NDE results based on using 400 kHz for voltage calibration and &
400/100 kHz mix for analysis. Mowever, each of the probes can have different
frequency response characteristics. Thic effect can be minimized by calibrating
each of the frequencies individually or calibrating the planned mix channel. The
latter has been recommended for implementation In the Farley SG inspections.
Probe cenitering uncertainty has been found 10 be <5% for “new”, unworn probes
based on results of EC tests performed in a horizontal position (orientation) of a
specimen with EDM notches (notches at the bottom or top).

The bobbin coll voltage response for magnetite packed crevices is essentially the
same as found for open crevices. The results show a 5% increase in response with
the magnetite present and a scatier of about 10%. Thus the presence of magnelite
does not significantly influence the bobbin coll voltage measurements.

An example typical of field experience for which the environment (residual TSP,
small dent responses) can mask or distort the indication response was found in one
test specimen. When the amplitude response grew from 0.3 10 0.7 volts aher leak
wsting and handling, the indication could be readily detected. These small
responses, which are masked by environmental factors in operating SGs (as shown
by pulled tube results) do not impact the serviceability of the SG, as the indications
are small compared to the plugging limits of this report,

Voliage calibrations for ditferent ASME standards wore compared against the
laboratory standard used in this program. Variations up 1o 18% were identifiad.
Pending incorporation of a voltage verification requirement in ASME standard
certifications, an ASME standard calibrated against the laboratory standard will be
utilized in Farley SG inspections for consistent voltage normalization.

Bobbin coil probe wear sensitivity tests were performed by varying the diameter of
the probe centering devices 10 determine changes in voltage and depth responses
against a 4 hole standard. The test results indicate that probe wear typical of field
inspections leads 1o voltage variations of [ | between the 4 holes staggered
around the tube circumference. To limit uncenainties associated with probe woar,

a four staggered hole standard will be implemented In Farley SG inspections.
Pending additional fiekd experience with the probe wear standard, the NDE
uineenainty for probe wear has been increased 1o 15% for the data acquisition
guidelinas. If voltage amplitudes batween a new probe and later measuremenis for
ey of the 4 holes differ by more than [  J4, the probe will be replaced.

Eddy current analyst variab ity for bobbin coil voltage measurements was
evaiuated by comparing Farley-1 and Fariey-2 measurements batween two
analysts. The voltage difference between analysts was found 1o be about 10% at
90% cumiulative probability. When this uncertainty is combined with the probe
wesr uncertainty, an NDE uncertainty of 16% at 90% cumulative: probability is
obtained for application to establishing the tube plugging voliage limit.




The variables affectirg the voltage/burst correlation can be spiit into NDE
uncerisinties and burst correlation uncartainties. The NDE uncertainty represents
the repeatability of a vottuge measurement and is dominated by probe centering
variations as 2 result of probe wear. Minimizing the uncertainty on repeatability

of voltage measuiements reduces the spread or uncertainty In the burst correlation.
The remaining voltage measuremen! uncertainties contribute 10 the burst pressure
correletion uncerainty and influence plugging limits through use cf the lower 85%
confidence level on the voltage/burst correlation 10 establish the voltage plugging
imits,

Leak Bate and Tube Bucst Testing

Leak rates et normal operating and SLB conditions have been measured for 33 mode!
boller spacimens with voltage level: as high as 137 voits. Overall, the mode! bolier
data indicate that [ 19 volt indicat »ns are required for significant (>10 gpd)
ope-ating leakage.

Burst pressure tests were performed for 31 model boller specimens and 29
intersections from 13 pulied wbes. The model boller and pulied tube burst
pressure measurements were combined to develop & correlgtion of burst pressure
versus bobbin coll voltage. This correlation was reduced for operating
temperatures and min'mum material properties to determine the voltage amplitude
that satisfies the R.G. 1.121 structural guidelines for burst capability of 3 times
normal op~ “ating pressure differentials. The results evaiuated at the lower 85%
prediction interval define @ | )8 volt amplitude for the structural limit on tube
burst margins. The burst corre)”.don indicates thata[ ¥ volit ODSCC crack
would meat an SLB burst pressure requirement of 2650 psi at the lower 85%
confidence level.

Available burst data for laboratory unitorm IGA specimens and pulled tubes with
IGA/SCC are enveloped by the voltage/burst correlation dominated by ODSCC data.

The mode! boiler and pulled tube leak rate measurements have been applied to defin»
a norrelation of SLB ieak rate to bobbin coll voltage. This correlation including
defined uncertainty levels is used fo calculate potential SLB leakage for tubes
returned 10 service following an outage.

Leak rates for the 3 model boiler tubes tested with magnetiie packed crevices that
showed some leakage had increased leak rates after the magnetite was removed from
the cievice.,

Leak rates were also measured for 11 tubas with incipient denting and dented
conditions, average dent sizes lgss than 1 mil and including through wall fatigue
cracks up 10 0.7 inch long. Only [ |9 of these dented tubes leaked at normal
operating or SLB conditions even though open crevice leakage for the 0.7 inch
tatigue cracks would exceed 100C gpd. The |

|® at normal operating and SLE conditions, respectively, had & 0.5
inch long fatigue crack and an average dent size of <0.2 mils.



¢ Pull 1ests were performed 1o determine the force required 1o pull tubes from TSPs
with Incipient denting and dented crevices. The forces required 10 Initiate tube

displacement exceeded | 19 pounds for tubes with minor denting (> 0.3 mil, 6
volt dent signals). For the tubes with less aanting, puli forces of | 19 pounds
were required.

Spaci C ive Examinati

o Destructive examinations of the model boiler specimens show crack morphologles
typical of the pulled tube experience. Destructive examinations were performed on
model boller specimans following burst testing 1o characterize the cracks associated
with typical voltage levels and leak rates.

> Destructive examination of a laboratory induced dent specimen has shown o rosion
product layers that are relatively dense and leakage paths that are highly tortuous
which is consistent with the neglipible leakage found for dented tube condlitions.

SLE Tube Burst Probability

©  The Monte Carle modul used 1o calculate distributions of EOC voltages for the SLB
leakage analysis is aisc used 1o calcuiate the probability of tube burst at SLB
conditions. Applying the Monte Cario model 1o the last Farley-2 inspection results
given in Figure 55 yields a SLB tube burst probability of 3x10°5 based on & 3.6
volt tube repair limit.

Tube Plugaing Critera
©  The pulled tube and model boiler leak 1ate and burst data together with fiekd leakage

expenence and field inspection results have been used 1o relate bobbin coll voltage
10 tube Integrity 1o define tube plugging limits.

©  The burst pressure versus voltage correlation defines a vottage of [ }& volts for
the structural limit to meet R.G. 1.121 burst margins. The voltage structural limit
is reduced by conservative aliowances of 20% for NDE uncerainties and 50% for
crack growth 1o obtain a tube plugging limit of 3.6 volts.

©  An SLB leakage mode! is defined for demonstrating that projected SLB leakage from
tubes left in service is less than the allowable 55 gpm per steam generator, The
SLB leakage model Is & probabilistic mode! that combines an inspection determined
distribution for voltage indications, voltage growth rate distributions, eddy current
uncertainties anc a leak rate versus voltage formulation to obtain the projected
cumulative EOC SLB leak rate for all indications left in service. If the plugging
criteria and SLB leakage model are applied 10 the 1ast Farley-2 inspection results,
the projected SLB leakage for the end of the next cycle would be a maximum of 0.4
gpm per steam generator (at the $0% cumulative probability level).

o RPC inspection for indications above 1.5 volts is required to establish that the more
significant indications are ODSCC. The 1.5 volt threshold for RPC inspection




provides & threshold value below which non-ODSCC indications would be accepiabis
for continued operation and SLB leakage it expected 10 be neyligide.

An operating leakage limit ¢! 150 gpa has been established to provide for detection
of a rogue crack which could leak at much higher SLE leak rates than used in the
crheria limits. The 150 gpd limit permits detection of a through wall crack of

about | ]2 inch for nominal leak rates and about [ ]2 inch for lower 95%
confidence level leak rates.

To enhance consistency of the field EC inspection guidelines with the data base used
10 develop the plugging limits, the Faricy inspections will Include: use of an ASME
standard calibrated against the laboratory stancard; use of a staggered 4-hole
standard 1o assess probe wear effects and normalization of voltages 1o € 4 volts for
400/100 kHz (support plate - Mix.1) on the four 100% ASME holes.



3.0 REGULATORY REQUIREMENTS
3.1 General Design Criteria

Ths two parameter eddy current criteria, which establishes a basis for removing tubes

from service experiencing outside diameter stress corrosion cracking (SCC) occurring

8l tube support plate elevation intersections in the Farley (Units 1 and 2) steam

gensraicrs, have been developed 10 ensurs compliance with the applicable General Design
Criteria of Appendix A of Part §0 of Title 10 of the Code of Federal Regulations

(10CFRS0). The GDCs considered are: 2, 4, 14, 15, 31, and 32 and are summarized
below.

GRC 2. Design Basis for Protection Against Nawral Phenomena. requires that

structures, systems and components important 1o safety be designed 1o withstand the
efiects of earthquakes in combinations with the effects of design basis loadings withaut
loss of safety function.

GRC 4, Envirormental and Missile Design Bases, requires that structures, systems, and
components important 1o safety are designed to accommodate the effects of and 10 be

compatible with the environmental conditions associated with normal operation,
maintenance, testing, and postulated accident condition ioadings, inciuding
loss-of-coolant accidents

requires the reactor coolant pressure
boundary 1o be designed, fabricated, erected, and tested 8o as 1o have an extremely low
probability of abnormal leakage, of rapidly propagating to fallure, and of gross rupture.

, requires the reactor coolant system and
associated auxiiary, control, and protection systems to be designed with sufficient
margin 1o assure the design margins of the reactor coolant pressure boundary are not
exceeded during any condition ot normal operatio™ including anticipated operating
occurrences.

Pravention ths pactor Coolant Pre: Boundary, requires that
trwroawcoountprmm:oundwuwbommmmmmhbomn
that when stressed under operating, maintenance, testing, and postulated accident
condition loadings, the boundary behaves in a nonbrittie manner and the probability of &
rapidly propagating fracture is minimized.

matmpano!u\cnmooohmpmwoboumry boduiomdlopcmnwbdlc
inspection and testing of critical areas to assess their structural and leaktight integrity.

General Design Criteria 2 and 4 are considered in Section 3.3 below where the potential
for steam generator tube collapse during the combined effects of LOCA + SSE loadings are
addressed lor the Farley steam generators.



3.2 Reguistory Guide 1,121

Background

R.G. 1.121, "Bases for Piugging Degrade~ PWR Steam Gunerator Tubes” issued for
comment in August of 1876, describes a imethod acceptable 1o the NRC staf for meeting
GDCs 14, 15, 31, and 32 by reducing *he probabllity and cansequences of steam
generator tube rupture through determining the limiting safe conditions of degradation

of steam generator tubing, beyond which tubes with unacceptabie cracking, as
established by inservice inspection, shoud Le removed from service by plugging. The
recommended plugging Jriteria for the tube support plate elevation OD SCC occurring in
the Farley steam generators may result in tubes with both partial through-wall and
through-wall (non-leaking) cracks being retumed 10 service. in the limiting case, the
presence of a through-wall crack alone is not reason enough 1o remove a tube from
service. The regulatory basis for leaving through-wall cracks In service in tha Farley
(Units 1 and 2) steam generators is provided beiow.

Steam generator "tube fallure” Is defined by the NRC within RG 1.83 as the full
penetration of the primary pressure boundary with subsequent leakage. Consistent with
this definition, upon the implementation of the tbe plugging criteria of this report,
known leaking tubes will be removed from service from the Farley steam generators.
Steam generator tube bundie leak tightness will be re-established by conducting 100%
inspectior: of the S/G tubes. The tube plugging criteria of this report are established
such that operational leakage is not anticipated.

The NRC defines steam generator tube rupture within RG 1.121 as any perforation of the
wbe pressure boundary accompanied by a fiow of fluid elther from the primary t1©
secondar side of the steam generator or vice versa, depending on the ditferential
pressure condition. As stated within the regulatory guide, the rupture of 8 number of
single tube wall barriers between primary and secondary fluid has ssfety consequences
only if the resulting fluid flow exceeds an acceptable amount and rate.

Consistent with the philosophy of the NRC's definition of tube rupture, during testimony
by the NRC staff (on March 24, 1876) to provide information 1o the ASLE on the plans
for measures 1o reasonably assure steam generator tube integrity under operating
conditions iIncluding off-nominal and accident condition loadings at the Farley plants, the
following definition of los.. of steam generator tube integrity was provided. Loss of steam
penerator tube integrity means ioss of "leakage Integrity”. Loss of "leakage integrity” is
defined as the degree of degradation by a through-wall crack penetration of & tube wall
membrane that can adversely affect the margin of safety leading 1o “tube failure®, burst,
or collapse during normal operation and in the event of postulated accidents. Acceptable
service In terms of tube inteor*v limits the aliowable primary to secondary leakage

rate during nonmal oper.ang conditions, and assures that the consequences of postulated
accidents would be well within the guidelines of 10CFR100. In order to assure steam
penerator tube .tagrity is not reduced below 2 level acceptable for adequate margins of
safety, the NF C stalf position focused on specific criteria for limiting conditions of
operation, Thyse include:

1. Secondary Water Monlhoring
2. Primary-to-Secondary tube leakage



3. Steam Generator Tube Survelllance
4. Gream Generator Tube Plugging Criteria

Tubes with through-wall cracks will maintain *ieakage integrity” and are acceptable for
continued opearation if the extent of cracking can be shown 10 meet the following RG
1.121 criteria

1. Tubes are demonstrated to maintain a factor of safety of 3 against failure for bursting
Unoer normal operaling pressure differential

2. Tubes are demonstrated 1o maintain adequate margin against tube failure under
posiulated accident condition loadings (combined with the effects of SSE loadings) and the
loadings required 1o initiate propagation of the largest longitudinal crack resulting in

tube rupture. All hydrodynamic and flow induced forces are 10 be considered in the
analysis 10 determing acceptabile tube wall penetration of cracking

3. A primary-to-secondary leakage limit under normal operating conditions is set in

the plant technical specifications which is iess than the leakage raie determined
theoretically or experimentally from the largest single permissible longitudinal crack
This action would ensure orderly plant shutdown and allow sufiicient time for remedial
acuon(s) if the crack size increases beyond the permissibie limit guring service

The two parameter support plate elevation plugging criteria discussed in this repor are
shown 1o meet ali of the necessary acceptance criteria

-

3.3 Steam Generator Tube Deformation Discussion

'n agdressing the combined effects of the LOCA and SSE kadings (as required by GDC 2)
on the steam generator component, |

]8

This issue has boen addrossed for the Farley (Units 1 and 2) steam generators through
the applicaiion of leak-before-break principies to the primary ioop piping. Alabama
Power Company has performed & dotailed leak beiu: @ break analysis for Farley Units 1
and 2. Based on the results, it is concluded that the leak-before-break methodology (as
permitied by GDC 4) is applicable to the Fariey reactor coolant system primary loops
and, thus, the probability of breaks in the primary loop piping is sufficiently low that

they need not be considered in the structural design basis of the plant. Excluding breaks




in the RCS primary loops, the LOCA loads from the large branch lines breaks were alsc
assessed and found 10 ba of insufficient magnitude to result in steam generator tube
collapse. Utilizing results from recent lests and analysis programs (discuseed more
fully in section 11.2), k has 81so been shown that there will not be any tubes that
undergo permanent deformation where the change in diameter exceeds 0.025 inch
Although specific leakage data is not avallable, it is judged tha! deformations of this
magnitude will not lead to significant ube leakage. On this basis there will not be any
tubes that need 10 be excluded from the APC for reasons ¢f deformation resulting from
combined LOCA + SSE loading




4.0 PULLED TUBE EXAMINATIONS
4.1 Introduction

The foliowing provides summary Information regarding QD onginated corresion at
Support plate crevice regions of Alloy 600 tubing pulled from steam generators at

Farley and other plants. The data is presented in support of the development of allernate
plugging criteria. First, pulied tube data from the Farley power plants are reviewed
foliowed by data trom other plants

The type of intergranular corrosion with regard 10 crack morphology and density
(number, length, depth) of cracks can influence the structural integrity of the tube and
the eddy current responre of the indications. For support of tube plugging criteria, the
emphasis for destructive examination is placed upon characterizing the morphology
(SCC, IGA involvement), the number of cracks, and characterization of the largest craok
networks with repard 10 length, depth and remainirg ligaments betwoen cracks. These
crack detalis support interpretation of structural parameters such as leak rates and
burst pressure, and cf eddy current parameters such as measured voltage, depth and
crack lengt s with the goal of improving structural and eddy current evaluations of tube
degradation. In selective cases, such as the 1990 Farley-2 pulled tubes, the pulled tube
evaluations included leak rate and burst pressure mesurements for further support of
the Integrity and plugging limit evaluations

4.1.1  Definitions of OD Corrosion Degradation Observed at Support Plate
Crevice Locations

Bufore the support plate region corrosion degradation can be adequately described, some

Key cormosion morphology terms need 1o be defined. Intergranular corrosion morphology
can vary from IGA to SCC 1o combinations of the two. IGA (Intergranular Attack) is
defined as a thres dimenziona! conosion degradation which oocurs along Jrain
boundaries. The radiai dimensicn has a relatively constant value when viewed from
different axial and circumierential coordinates. 1GA car occur in isolated patches or as
éxiensive networks which may encompass tha entire circumtsrential dimension within

the concentrating crevice. Figure 4-1 provides a sketch of these 1GA maorphologles. As
defined by Westinghouse, the width of the corrosion should be equal to or greater than
the depth of the corosion for the degradation 1o be classified as IGA. The growth of IGA is
relatively stress independent. IGSCC (Intergranular Stress Comosion Cracking) Is
defined as a two-dimensional corosion degradation of grain boundaries that is strongly
stress dependent. IGSCC is typically observed in the axiai-radial plane in steam

genarator tubing, but can oocur in the circurterential-radial plane or in combinations

of the two planes. The IGSCC can occur as a single two dimensional crack, or it can occur
with brarches coming off the main plane. Figure 4-2 provides a sketch of these IGSCC
morphiclogies. Both of the IGSCC variations can occur with minor 1o major components
of IGA. The IGA component can occur simply as an IGA base with SCC protruding through
the IGA base or the SCC plane may have a semi-three dimensional characteristic. Figure
4-3 provides a sketch of some of the morphologies possible with combinations of IGSCC
and IGA. Based on laboratory corrosion tasts, it is believed that the later, SCC
protrusions with significant IGA aspects, grow &t rates similar 1o that of SCC, as opposed
10 the slower rates usually associated with IGA. When IGSCC and IGA are both present,
the IGSCC will penetrate throughwall first and provide the leak path,




To provide a semi-quantitative way of characterizing the amount of IGA associated with a
given crack, the depth of the crack is divided by the width of the IGA as measured al the
mid-depth of the crack, creating a ratio D'W. Three arbitrary D/W categories were
created: minor (D/W greater than 20) (all or most PWSCC would be included in this
category If it were being considered in this analysis); moderate (D/W between 3 and

20); and significant (D/W less than 3) where for a given crack with a D/W of 1 or less,

the morphology is that of patch IGA.

The density of cracking can vary from one single large crack (usually 8 macrocrack
composed of many microcracks which nucieated along a line that has only a very small
width and which then grew together by intergranular corrosion) to hundreds of very
shon microcracks that may have partially linked together 1o foiin dozens of larger
macrocracks. Note that in cases where a very high density of cracks are present
(usually axial cracks) and where these cracks aiso have significant IGA components,
then the outer surface of the tube (crack origin suiface) can form regions with effective
three dimensional IGA. Axial deformations of the tube may then cause circumferential
openings on the outer surface of the tube within the three dimensional network of IGA;
these networks are sometimes mistakenly referred to as circumferential cracks. The
axial cracks, however, will still be the deeper and the dominant degradation, as
compared 1o IGA.

Recognizing all of the gradations between IGA and IGSCC can be difficult. In addition 1o
observing patch IGA, celiular IGA/SCC has recently been recognized. In cellular
IGA/SCC, the cell walls have IGSCC to IGA characteristics while the interiors of the celis
have nondegraded metal. The cells are usually equiaxial and are typically 25 10 50 mils
in diameter. The cell walls (with intergranular corrosion) are typically 3 10 10 grains

(1 10 4 mils) thick. The thickness and shape of the cell walls do not change substantially
with radial depth. Visual examinations or limited combinations of axial and transverse
metaliography will not readily distinguish celiular IGA/SCC from «  nsive and closely
spaced axial IGSCC with circumferential ledges linking axial micr . acks, espedially if
moderate 1o significant IGA components exist in association with the cracking. Radial
metaliography is required to definitively recognize celiutar IGA/SCC. Celiular IGA/SCC
can cover relatively large regions of a support plate crevice (a large fraction of a tube
quadrant within the crevice region). Figure 4-4 shows an exan ple of celiular IGA/SCC
from Plant L.

A given support plate region can have intergranular corrosion that ranges from IGA
through individual IGSCC without IGA components.

As described in Sections 4.2 and 4.3, the Farley SG tubes examined show dominantly SCT
crack networks with IGA components tha! vary from minor 107 in one case, significant.

The larger eddy current indications for the 1830 pulled tubes are principally related to

the single, large macrocrack found for these tubes.

412 Through Wall SCC at Support Plate Crevice Lications
The following prasents OD intergranular corrosion data at suppon plate intersection
locations on steam generator tubes which have experienced ti. wugh wall comosion. The

latest results for the 1990 examination of through wall cracks at the support plate
locations at Farley Unit 2, howsvaer, are presented in Section 4.2.
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Fadey Unit 2, Stean, Generator C. Hol Leg Tube R31-C46, Suppon Plate 1

QD origin, axially oriented, Intergranular stress corrosion oracks were observed
confined entirely within the first support crevice region on hot leg tube R31-C46,
removed in 1986 from Steam Generator C of Farley Unit 2. Destructive examination
was confined 1o half of the tube circumference (the half with a single axial NDE
indication). The main crack, composed of at ieast four microcracks which grew
together, was 0.52 inch long and was through wall for approximately 0.02 inch. The
morphoiogy of the individual microcracks was branched SCC with moderats IGA
components to the SCC. Figure 4-5 shows a sketch of SEM fractographic results of the
main crack (only the mid 10 upper poriton of the crack was examined) and a skeich of the
overall crack distribution observed within the support plate crevice region, Figure 4-6
shows a sketch of the crack distibution (a composite of two transverse metallographic
sections) and depth as viewed by metaliography as well as 8 micrograph of a crack
showing the crack morphology. In addition 1o the main macrocrack, (which included a
46% deep axial crack next to the main crack), two smalier axial cracks were observed
at other circumferential positions on the half-circurnterence section examined.

Field eddy current probe inspection (in April 1986, just priot 10 the tube pull) of the
first support plate crevice region produced a 6.2 volt, 81% deep Indication in the
400/100 kHz differential mix data. Vottage renormalization 10 the calibration
standards of this report yields 7.2 volts for this indication,

Blant B-1, Steam Generator C, Hot Leg Tube R4-C61, Suppon Plate §

0D origin, axially orientated, intergranular stress corrosion cracks were cbserved
confined entirely within the fifth support plate crevice region on the hot leg side of tube
R4-C61 trom Steam Generator C of Plant B-1. Six axial macrocracks were observed
around the circumference. The largest of these was examined by SEM fractography
without any metallography. The macrocrack was 0.4 inch long and through wall for
0.01 inch. However, the crack was nearly (effectively) through wali for 0.1 inch. The
macrocrack was composed of seven individual microcracks that had mostly grown
together by intergranular corrosion (the separating ledges had intergranular features
that ranged from 40 to $0% of the length of the ledges). Since no metallography was
performed on the axial cracks, it is not possible to definitively @  ibe the axial crack
morphology at this location. Al the eighth suppont plate region  the same tube,
metaliography showed that the morphology was that of SCC with a crack depth 1o IGA
width ratio (D/W) of 15. Figure 4-7 summarizes the crack distribution and
morphology data for the fifth suppart plate crevice region.

In addition 1o the OD origin axial macrocracks observed at the fifth supp~ 1 plate region,
five local arras had circumferential intergranular corrosion. The maximu.n penetration
observed for the circumferential crucking was 46% through wall. The morphology of
the circumferential cracking was rnore that of IGA patches than of SCC. Figure 4-8
provides micrographs of relevant cracks showing the morphology of axial and
circumferential cracks. As stated above, the axial cracks had a morphelogy of IGSCC
with a moderate D/W ratio of 15 while the circumferential cracking had a morphology
more like that of IGA, with a D/W ratio of 1.



Field eddy current bobbin probe inspection (in June 1388, just prior 10 the tube pull)
of the fifth support plate crevice region produced & 1.9 volt, 74% deep Indication In the
550/100 kMz differential mix.

4.2 Farey Unit 2 1990 Tube Pull Resuits at TSP Locations

Ho! leg tubes R4-C73 and R21-C22 were pulled from Steam Generator B and hot leg
tube R38-C46 was pulled from Sieam Generator C. The sections puiled included the
first suppon plate region from each tube. Laboratory NDE, leak and burst testing, and
destructive examinations were performed. The following summarizes the data obtained
al the first support plate region of each tube.

NOE Testing

Laboratory eddy current tegtng was performed using 0.720 inch diameter bobbin and
RPC probes. RPC results showd a main axial indication within the support plate
crevice region of tube R4-C73. The length of the signal was 0.44 inch and the depth was
estimated as 77 to 82% deep based on an ASME drilled hole standard. In addition to the
main signal, a less intense RPC signal was observed paraliel 1o the main axial signal
approximately 20 to 30° away. Tube R21-C22 produced a single axial indication within
its first support plate crevice region. The 0.5 inch long RPC signal was estimated 1o be
76 10 81% deep. Tube R38 746 had a 90% deep RPC signal that was 0.4 inches long.

Note that this tube was elongated during ihe tube puil. As a consequence of the reduced OD
dimension. a 0.69 inch diameter RPC probe was used.

Laboratory bobbin probe examination of iubes R4-C73 and R21-C22 was performed
using two 0.720 inch diameter bobbin probes. One was a brand new Echoram probe with
very stiff spacers (it was difficult to insert the probe into the tube). The other was &
slightly used (in terms of length of tubing previously examined) SFRM Zetec probe in
which the spacers were less stiff (probe insertion into the tubes was easy). The probes
were pulled mechanically through the tubes at speeds similar 1o those used In the field;
however, unlike the field situation, the tubes were examined with the tubes positioned
horizontally. In addition, multiple passes were made with each probe with the specimen
being rotated between each pass to vary the position of the crack indication. Table 4.1
prasenis the results. An indication was observed within both support plate crevice
locations. Depth estimates were similar for both of the suppor plate crevice regions
and for both of the probes. A range of 86 10 91% deep coverad all depth estimates. The
voltage varied noticeably depending on the probe used and the orientation of the
specimen, with the stiffer Echoram probe producing the smaller voltage variation. For
tube R4-C73, the Echoram probe voltage variation ranged from 3.6 10 4.3 volts. For
tube R21-C22, the Echoram probe voltage variation ranged from 9.6 10 11.6 volts.

While tube R38-C46 was reduced in diameter during the tube pull, the Zetec 0.72 inch
diameter bobbin probe could still be used for the laboratory examination. However, it
passed through the deformed tube with difficulty. Consequently, the estimates of depth
and voltage are not judged to be reliable. The field bobbin test produced & 1.4 volt signal
with ai indicated depth of 68%. This is considered more reliable than the laboratory



result ol 4.8 volts and H0% depth. Since the tube pull opened crack networks which
WeTE feadily visible, the larger laboratory voltage is not sumprising

Double wall radiography was performed using four rowtions. No crack indications were
pbserved or tube \21-C22 but » single axial crack-like Indication was observed within
Ihe hrat supnon plate region of lube R4-C73. The faint indication, located near 0°. was
O.2Ingh long (inu was located entirely within the suppont piaie Crevioe region. These
resuUlts Imply thal any deep corrosion oracks present on the two pulied tubes trom

KO B are very tight. OD measurements of the pulled tubes from 8/C-B showed that the
average diameler of both lubes was 0.E755 Inch with a 0.001 inch avality. No

noticsable wbe delormation ocourred during tube pulling 1o open aly COrrosion cracks
'ube R38-C46 trom 5/G-C was noliceably reducec in diameter. The tube had an average
QD of 0.830 Ingh within the TSP orevice region. Radiography of lube R38-C4é showed
hree main locations of crack networks within the TSP crevioe region. The crack

networks contain both axial and ciroumferential indications. The circumferential oracks
w818 vide, a5 would be expected for @ tube which experienced elongation during the tube
Pt

Vitrasonic tosting was also performed on the support plate specimens. A 0 4 iInch long
#xin ndication was observed near 330° on tube R21-022 within the suppon plate
Gravice region. On tube R4-C73 a 0.25 inch axial indication was observed near 30°
witiin the support plate crevioe region. A shoner and fainter axial indication was also
alanrved near 70°. On tube R3L-C46 three paiches of indications were r  'ad. cre near
&0, one near 230°, and one near 340°. All were ocaled within the TSP .» gview  “gion

Weakand Burst Testing

Following NDIi characterization, the three firs! support plate tube seclions . - e lesk

anc burst 1estnd. Tho leak tests were performed In two parts. The specimens were first
1651671 under simulated normal operating conditions. At & test temperaiure of 616° F, the
prriary sice o the spociman was connected by Insulated pressure tubing © an autociave
NENINGd 4§ pressure of 2250 psi by bottied nitrogen gas. The specimen was localed
I 2 S80oNd aualave maintained at 616° F and a pressure of 750 Psl, resulting in 8

t Merentinl pressure of 1500 psl. The 750 psi pressure in the second autociave wa.

| vaintained by & back pressure regulator (RPR) connected 10 the autuciave by pressure
Wbing. Any water vapor passing through the BPR was then passed through cooling colls
immersed In ice water. The amount of condensed water was measurad as & function of
time. Following the inltiai leak testing, & simulated steam line bres (SLB) loak tes!

Vs pariomed using the same system. For the SLB test, the frinary pressure was
Iireased o 3050 psl and the secondary side pressure was recreased 1o 400 psl for a
pnvssure diffurential of 2650 psi

Lesk lost date are presented in Table 4.2. Results from the SLB test are considered
fellable. The measured SLB leak rates were |
B and no leakage for tube K38-C46. These

ViLues are considerably below the maximum leak rate capabllity of the sysiem,
estimaled 1o be approximately 2 Vhr based on a tes! with the tes! spoecime  removed.
Results for the normal operating vonditions are consicered ir be less accurate. The
nbsarved leak ra‘e for tube R4-C73 was |

I for tube R21.C22. No Isukage was observed for tube R38-C46. These




rates Include any overflows from the BPA. Leakage through the BPR was encountered,
especially with the testing of tube R21-C22. The BPR may have contributed 10 the

entire amount of leakage observed® for the normal operating condition test. While this
amount of overfliow from the BPR is small in comparison 10 the SLB 1es! leak rates, it is
very large in comparison 1o potential leak rates from the normal operating conditions

test. Consequently, the norm3l operating condition leak rate at the lower end of potential
leak rates for these spec. ens should be considered zero. The upper value presented, al
leas! for tube R21-C22, probably includes significant contributions from the BPR.

Room terrperature burs! tests were performed on the two specimens following leak
lesting. The specimens were pressuiized with waler at 8 pressurzation rate ol
approximately 1000 psisec. Tygon tubing Internal bladders were inserted into the
specimens 10 permit testing with thelr through wall corrosion oracks. No support plate
resiraints were placed on the specimens. Consequently, the burs! pressures measured
may be somewha! lower than would be observed with the presence of 8 support plate.

The first support plate region of twbe R4-C73 burst at | P psl, the first suppon
plate region of tube R21-C22 burst at | P psi, and the first support plate region
of lube R38-C46 burs! at | 9 psl. Table 4.2 presents this data as well as ot'er
burst data characterizing the specimens.

Characirization ot the Corrosion Cracks

Figure 4-8 shows & skeich of the SEM tractographic observatans on the burs! fracture
face of the first support plae region of tube R4-C73. Within the centor of the burst
opening, & 0.42 inch long OD origin macrocrack was observed. The macroorack was
ocated at an orientation® of 20° and was entirely confined 1o within the suppor plate
crevice reQion. It had only intergranular cormosion festures. The macroorack was
composed of four microoracks, all of which had joined together by Intergranular
corrosion. The orack was through wall for 0.18 inch. A parsiliel axial macroorack was
observed near 40°. It was 0.46 inch long and up 1o 69% through wall. In addition,
numerous short axial cracks were observed a! verious locations within the crevice
region. The depth of these shor cracks ranged from minor penetrations 10 34% deep
cracks. Figure 4-9 also provides a skeich estimating the orack distribution within the
suppor plate crevice reginn as well as a description of the crack morphoiogy of the main

' Prior 1o initiation of the leak tests, the specimen fittings were lested 1o verify that
they were leak light. The fittings were tested by pressurizing the specimens with
500 10 600 psl air and holding the specimens and their fitlings under water. No
fitting leaks were observed. The R4-C73 specimen was observed 1o leak air bubbles
#1 the location of the support plate &t & pressure of 500 psi alr. The R21.C22
specimen div not leak air bubbles at a pressure of 600 psi. Consequently, it is
believed reasonable that the normal operating leak rate for wbe R21-C22 should be
lower than that for tube R4-C73. This would alro be consistent with the SLB leak
resuits.

** In the orlentation system used, 0° faces the steam generator divider plate and 90° Is
clockwise of 0° when looking In the primary flow (up) direction.
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macrocrack. Figure 410 provides a skeich of the crack distrit-ution and depth within

the center of the suppor plate crevice region as determined by metaliography. The

main crack morphology was that of SCC with moserate |GA components (D'W « 4). The
width of IGA surrounding the SCC is estimated 10 be app*sximately 0.012 inch. excep! a!
the OD surtace where the width was larger, Other cracks tended 10 have less IGA
components. Figure 4-11 provides micrographs showing both the main crack

morphology as well as the crack morphology of one of the lesser cracks. The morphology
of the latter crack, which has been opened wide by tube feformation, is more that of
IGSCC (OW « 12).

Figure 4-12 shows & sketch of the SEM fractographic observations on the burst fracture
tace of the first support plate region of tube R21-C22. Within the center of the burst
opening, a 0.50 inch long OD origin macroorack was observed. The macrocrack was
located at an orientation of 330° and was entirely confined 10 within the support plate
crevice region. The corrosion orack had only intergranular features. The macrocrack
was composed of four microcracks. Three of the micrucrachs were joined Oy
Imergranular corrosion, while the 1op most microcrack was still sepurated from the
others by metal. The macrocrack was through wall for approximately 0.16 inch. Figure
4-12 also provides a description of the crack morphology. The crack morphology was
that of SCC with significant |3A components. The width of IGA surrounding the SCC Is
estimated 10 be agproximately 0.030 inch (D'W « 1.7). One additional crack was later
observed on the specimen by metallographic examination. Figure 4-13 provides a
skelch of the orack distribution and depth observed by metaliography  Figure 4.14
provides micrographs of the cracks. As can be observed, the secnndary crack
morphology had lesser IGA components (D/'W « 19 10 37).

Figure 4-16 shows a sketch of the SEM fractographic observations on the burs! fracture
face of the first suppon plate region of tube R38-C46. A 0.37 inch long, OD ongin,

axial macrocrack was observed. The Intergranular crack wae up 1o 78% through wall
and was contained within the suppor plate crevice region. The macrocrack was
mo’mMMhﬁmmm&lmm.Mhﬁ
orientations which ranged from axial to circumferential generating a spider-like crack
distrivution. It is believed that this local network had a cellular IGA/SCC

similar 1o that on tube R16-C74 from Plant L presented in Figure 4-4. Three other
crevice locations had less deep but significant intergranular crack distributions. Their
ocations are also shown in Figure 4-15. Figure 4-16 shows the crack distribution and
depth as determined by transverse metallographic exarminations. Figure 4-17 shows
phowmicrographs of cracks In Lansverse sections obtained from within the crevice
region. The cracks are opened wide by tube defermation. The morphology of the cracks
s that of IGSCC with minor to moderate IGA components (D/W « 14 10 28).

4.3 Other Farley Pulled Tube Examination Results at TSP Locations

Prior 1o 1990, Westinghouse examined a total of 10 hot leg support plate intersection
locations on steam generator tubing removed from Farley Unlt 2. In 1985 the first

three hot leg support plate regions of tube R34-C44 from Steam Generator A were
destructively examined. In 1986 the first support plate region of tube R31-C46 from

the hot leg side of Steam Generator C was destructively exami.ed as deccribed in Section
4.1. In 1989 the firs! three suppon piate regions of tubes R16-C50 and R16-053
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trom the hot leg side of Steam Generator C were desiructively exai ined. Of ase 10
suppon plate locations, & were found 1o have OD origin intergranular corrosion. In
addition, Westinghouse examined in 1990 a support plate region on a tube removed from
Farley Unit 1. This support plate region also had OD origin intergranular corrosion.

The following describes the extent and morphology of the degradation found.

Ea o \eun 2.1888 Examunation

The first three suppont plate regions of hot leg tube R34-C44 trom Steam Generalor A
were destructively examined 1o determine the origin of residual eddy current signals le
a! the location of the suppon plates after frequency mixing 10 eliminate the suppon

plate signal. No corrosion degradation was found by destructive examination at the three
suppon plate locations,

Fariey Unil 2, 1986 Examinaticn

The first support plate region of hot leg tube R31-C46 from Steam Generator C was
destructively sxamined. A 6.16 volt, 81% deep eddy current signal was detected In the
fiald bobbin probe examination using @ 400/100 kHz irequency mix. Renormalization
10 the siandard used in this report yielded 7.2 volts. Destructive examination found a
0.5 inch long macrocrack that extended from 0.1 inch above the support plate botiom
edge location 10 0.2 inch below the 1op edge location. The crack averaped 80 10 80%
through wall with local area penstrating 100% through wall, with a length of 0.02 inch,
The macrocrack was composed of a number of axially orientated microcracks which had
grown logether by corrosion. The intergranular cracking was of OD origin and & number
of shaliow cracks existed paraliel and nearby 10 the major macrocrack. The morphology
of the cracking was predominately SCC, but moderate IGA componerits (D/W « 3.2) were
also present.

Eadey Unit 2,1909 Examination

Two hot leg steam generator tubes from Farley Unit 2, Steam Genervtor C were examined
1o determine the origin of residual eddy current signals at suppon place locations. The
destructive examination Included the suppet plate crevice reglons 1.3 from tubes
R16-C50 and R16-C53.

All six suppon plate Intersections had residual type eddy current signals. The second
support plate region of both tubes was chosen for more detalled examination. Following
removal of both 1D and OD deposits by honing, abrasion, and later by chemical Cleaning,
the eddy current examination was repeatec. No significant change was observed In the
eddy current signals indicating that the residuals were not related 1o surface deposis.

Destructive examination of tube R16-C50 found OD origin intergranular corrosion

within the first and second support plate regions. No corrosion degi adation was found
within the third support plate crevice region. The first support plate region had only an
isolated region of minor OD origin, intergranular, axial SCC. The maximum depth of SCC
was 0.007 inch. The second support plate region from tube R16-C50 had experienced
some negligible (no wail thickness change measurable) OD general corrosion with some
intergranular penetrations. While most of the tube OD cracking within the TSP crevice
regions had these features, at one location the interpranular corrosion was somewhat
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deeper though stil regarded as minor. At this location, 0.2 inch below the suppon plate
! e0ge, the penwirations formed two shor paraliel xial cracks, 0.08 Inch long and up
10 0.0013 inch deep. Consequently, all three suppon plate regions of tube R16-C50 had
no, of only very minor, IGSCC degradation. Figure 4-18 shows & micrograph o! (he
largest crack found, that within the first support plate crevice region. The morphology

is that of IGSCC with only minor 10 moderate IGA components.

Destructive examination of lube R16-C53 found OD origin interganular corrosion
within all three suppont plate regions. The first support plate region of lube R16.C563
had numerous OD origin, intergranular, axial stress corrosion cracks, but the depth of
cracking was shallow (0.0065 inch maximum depth). At the second suppon plate of
Wube R16 C83, axial intergranular stress corrosion oracking was ‘ound on the tube OD
conceniraled near the suppon plate 1op edge and 10 @ lesser extent near the support plale
bottom edge. There were cozens of very light Siiess CoOrmrosion oracks cated
discontinuously around the circumierence, but lbcated within all four quadrants of the
tube. The maximum depth of penetration was 0.011 inch (22%). The third support
plate region also had numerous but relatively shallow OD origin, intergranular, axial
SCC. The maximum depth of degradation was 0.0065 inch. Consequently, the only
support plate region of tube R16-C53 with corrosion uegradation of any potentially
noticeable (by eddy current) depth was the second support plate region whers the
maximum depth was 0.011 Inch (22% through wall), The morphology of these cracks
ranged from that of IGSCC (Figure 4-19) 1o that of IGSCC with significant IGA
components (Figure 4-20).

The 1988 pulled tubes were removed primarily 1o determine the cause of eddy current
suppor plate residual signals. Laboratory eddy currant testing showed thal the residual
eddy current signals ware not caused by surtace deposits. Destructive examination alse
showed that the residual signals were not caused by corrosion degradation, even though
minor OD origin SCC was present at five of the six support plate locations. For lube
R16-C50 the deepes! suppon plate region SCC was 0.007 inch while for tube R16-C53
the deepest crack was 0.011 inch. For the other support piate locations with cracks, the
deepest cracks were 0.0015, 0.0055, and 0.0065 inch.

Eadey Unit 1, 1989 Pulled Tube Examination

The first gppont plate crevice region of hot leg tube R20-C26 from Steam Generator C
of Farlay Unit 1 was destructively examined. Dozens of short, OD origin, intergranular,
axig! strew, corTosion cracks existed within the crevice region and just above the

cravice region. Most of these cracks were found within two 30° wide axial bands on
opposhe sides of the tube. The band located at 265 1o 285° extended from the support
plate bottom edge 1o just above the support plate top edge. The deepest craok In this band
penetrated 62% through wall and was located approximaiely 0.2 Inch below the top edge.
The second band occurred between 75 and 108° with the cracking extending from the
bottom eage 1o approximately 0.275 inch above the suppor plate top edge. Within the
crevice region, the deepest crack In the second band of cracks occurred near the suppon
plate top edge. This crack was 42% hrough wall. Above the top edge, the depth of
cracking decreased rapidly. At 0.13 inch above the 10p edge, the deepest orack was 10%
through wall. With respect 1o the lengih of individual cracks, they were typically much
less than 0.1 inch long. Where individual cracks had grown tog ather, cracks up 1o 0,13
inch long were found. Figure 4-21 sketches the crack distribution found within the
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firs! suppor plate crevice region and also provides crack depth datd. Figures 4-22 and
429 provide photomicrographs of typical oracks as observed In transverse
metsliographic sections that have been deformed 10 open cracks. The morphology Is that
of IGSCC with minor 1o moderate IGA components (D/W « 17 10 28). Figure 4-24

shows similar transverse micrographs, but ones in which not all cracks were opened
duning the tube deformation.

Field eddy current inspection (bobbin probe) of the first suppon plate region revealed
(by Inftial interpretation) 1o corrosion degradation. Laler analysis suggested & very

ow voltage (0.2 volts) indication signal, partially hidden between larger voltage dent
sighals. Laboratory bobbin probe inspection produced similar results, with an
indication voltage of 0.4 voits within the overall 7 volt dent signal. The phase angle of
the Indication component, within the overall dent signal, suggested 8 61% deep
indication. RPC testing revealed many indications confined 1o within the crevice region.

4.4 1CGA and Corrosion Morphology &t Support Plate Crevice Locations

A revie'w of avallable VWestinghouse tube pull data was made for the purpose of comparing
corrosion morphology In various plants and for determining the extent of IGA (in

contrast 1o the IGECC previously discussed in Sections 4.1.2, 4.2, and 4.3) present al
support plate crevice locations on steam generator tubing. This review also Included
recen! data from Plant L tube R12-C8 from Stoam Genersior D. Due w its special
iInterest, the Plant L tube will be discussed first In detall,

44 IGA and Corosion Morpholgy &l Support Plate Crevice Locations al Plant L
Lnesion Regradation althe First Suppon Plale Region of Tube h12:CH

A summary of corrosion observatiois al the first support plate regien ¢! plugged tube
R12-C8 Is &5 follows. Within the first support plate orevice region of tube R12.C8,

very high densities of axially orlented IGSCC microcracks were observed. Corrasion was
not observed outside of the crevice region. The nicrocracks had moderate IGA
components associated with them. A good description of the microoracks would be that of
IGA fingers, with the depth of the cracks typically being 6 10 18 times the width of the
IGA associated with the crack. The mucrocracke were less than 0.05 inch long, In axial
extent. The density of support plate region cracking was significantly higher than that
observed for most other domestic power plants. For & given elevation, crack densities of
three 1o five hundred individual microcracks coukd be extrapolated 1o exis! around the
circumterence based on metaliographic and SEM fractographic da‘e If the maximum local
crack dansity observed extended compietely around the crcumference. (For tubes
examined by Westinghouse & support plate reglons, orack densities of 1 10 24 are most
typically observed. The highest, support plate region, crack density previously

observed in lbe examingtions by Westinghouse was 20 10 100 at Plant D-2. It has been
reported that high crack densities of approximately 300 cracks over the circumierence
of & suppon plate region have also been otiserved In some EdF steam generalors.)
Because of the very high densities of cracks and the IGA associated with the cracks, local
regions sometimes formed effective patches of IGA. (Atematively, the IGA paiches may
have formed independently of the IGSCC.) The depth of these IGA paiches was typically
half that of the the maximum depth of crecking penetrating through the IGA patch. The
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largest arcumierential length of continuous IGA cbserved by metaliography was 0.08
inch, or approximately 7 degrees, with 8 maximum depth of 33%. The maximum depth
of IGSCC in the same general region was approximately B5%. Figure 4-28 provides
supporting metallographic cata.

Another aspect of the very high density of axially orientaled microcracks, was the
forrnation of larger axial macrocracks. (Betore this aspect can be considere s, further
de alls regarding the destructive examination need 10 be mentioned. The fir sl support
plate region was initially separated circumferentially near the center of the vrevice
region by applying @ ensile force axially 1o the tube. The fracture would have oocurred
where the volumelric corrosion degradation was deepes!. SEM fractography of the
separation showed inlergranular corrosion greater than 10% deep over 310 degrees of
the circurnference. Table 4.3 presents complete depth data for the corrosion front. It is
believed that the corrosion front was composed of a large number of axially orientated
oracks that frequently had interconnecting IGA components.® The deepes! region of
corrosion was 80 10 92% deop, via IGSCC, over approximately 20 degrees of the
circumference.) Above this local region with the deepest corrosion, the tubing was
deformed 1o open any axial crack networks. Many were revealed. One of the deeper
ooking ones was broken apan and SEM fractography was performed. A fairy uniform
orack front was observed from the support plate crevice center 1o the support plate
crevice 10p. The front ranged from 41 1o 5% through wall, with an average depth of
46%. Several ledges were observed In the fractograph where it is balieved that
Individual, axially orlented, microcracks had Jo. ed together 10 form the macrocrack.
Below the support plate center, only metaliography was performed. Transverse
metaliography (Figure 4-25) revealed the morphology of the axial cracking and 1GA in
the form of IGSCC with moderate IGA components and IGA paiches at the bases of the
IGSCC. Axial metaliography was performed from the botiom edge of the crevice 10 the
center of the crevice region, through & region with corrosion. A fairly uniform
corrosion front, approximately 50% through wall, was observed that is similar 10 that
revealed by SEM fractography above the center of the crevice. From this data It is
concludad that axial macrocrack networks existed from the bottom edge of the support
plate crevice region 1o the 1op edge, with the crack fronts having & fairly uniform depth.

Metallographic data avallable from the second suppor plate crevice region of tube
R12-C8 indicated the presence of approximately 50 axial penetrations around the
dreumterence. The morphology of the pereirations was that of narmow IGA fingers. The
maximum depth of cracking observed was approximately 48% throughwall. In addition
1o cracking, patch IGA was aiso present. ABB (CE) conservatively caloulated that the
maximum depth of the Intermittently cisiributed, patch type IGA was 27% throughwall.
Their conservative definition of IGA (corrosion greater than & grains wide on & given
orack) produced results that were judged not 10 be directly relevant to & structural
Integrity analysis. Their definition of paich-type IGA would include corrosion that

. Altemnatively, cellular IGA/SCC may have been present in this region. It could

have produce 1 similar SEM fractographic amd metaliographic (both axial and
trarsverse) results.




would behave as axial cracks rather than as IGA patches that would behave as tubing with
efther a thinned wall or lbcallzed pitting. Consequently, the data was reexamined using @
gefinition of IGA judged more relevant 1o & structural integrity analysis. 1GA was

identified where cormosion associaled with two or more separate cracks intersected of,
ahernatively, where the corrosion associated with one crack of ares (If no cracking was
present) had & D/'W (depth 10-width ratio) of one or less.

Using this definition, patch IGA was identified al two locations around the circumterence
8! one elevation within the crevice region and at four locations al & second crevice
elevation. All patch IGA, that was 10% or more deep, was associated with isolated
regions tha! were very small In ciroumterential extent. The maximum depths and their
corresponding circumterential extents were 11% deep and 1 degre« In width for the

first elevation and 12% deep and 1 degree in width for the second elevation. The wides!
IGA patoch was 21 degrees (6% of the circumference) with @ maximum depth of 6%. For
the examined elevations, the larges! total circumferential involvement (summation of

ihe widths of the IGA paiches) was 22 degrees (6% of the circumference).

From a structural Integrity viewpoint, since the IGA paiches in the crevice region were
isolated from each other and few In number, It is believed that the IGA patches act more
like 8 limited number of pits rather than tubing which has experienced general thinning.

Garrosion Deqradation a1 the Third Supon Plate Risan of Tube B12-GH

After burst testing of the third support plate crevice region (burst occurred &t 10,500

psi), visual examination revealed numerous, axially oriented, corrosion openings
adjacent 10 the main burst opening. Most of the corrosion appeared 10 be shallow. SEM
fractography performed on the burst opening showed intergranular corrosion ex'sting
from the botiom 10 the 1op edge of the crevice region. Large ledges were ‘requently
observed between axially orientated microcracks.

Transverse metaliography showed approximately BS axial cracks around the
ciroumference with a morphology of axial IGSCC with moderate IGA aspects. The
maximum depth of corosion was 55%. In addition 1o cracking, patch IGA was aiso
present. ABB (CE) conservatively calculated that the maximum depth of the
intermittently distributed, patch type IGA was 33% throughwall. Again, the dats was
reexamined using the definition of IGA judged to be more relevant 1o a structural

integrity analysis. Patoh IGA was identified at seven locations around the circumference
8! & mid-support plate crevice region elevation. All patch IGA, that was 10% or more
deep, was associgied with isolaied regions that were very small in circumferential

extant. The maximum depths and thelr corresponding circumferential extents were

21% deep and 0.5 degree In width, 10% deep and 0.3 degree wide, 14% deep and 0.3
degree wide, 14% deep and 0 8 degree wide and 17% and 6 degrees wide. In addition, a
number of metaliographic grinds were made &t the location of the 17% deep and 6 degree
wide IGA patch. Patch IGA was found In two of the three grinds at this location. These IGA
patches were 10% desp and 2 degrees wide and 8% deep and 1.5 degrees wide. For the
mid-crevice region elevation, the 1otal circumferential involvement (summation of the
widths of the IGA patches) was 10 degrees (2% of the circumierence).




From a siructural integrity viewpoint, since the IGA patohes in the wevice region were
isoiated from each other and few in number, it is believed that the IGA patches act more
like & limited nuriber of pits rather than tub ing which has experienced general thinning

Preliminary destructive examination of the first, second, and third support plate

regions of tube R29-C70 has produced the following results. All three regions had
vimilar corrosion degradation. Axially oriented IGSCC with only minor to moderate |GA
components was present without effective surface IGA (intermittent minor surface IGA,
110 2 graing deep, was ooccas'onally present). The absence of the effective surtace IGA Is
In contrast 10 the results for tube R12-C8. At a mig-suppon plate elevation, 2 10 3, 5,

and 4 cracks were found cistributed around the circumterence for the first, second and
third support plate regions, respectively. Tha presence of such a small number of
Cracks Is tynical of support plate cracking at many power plants and s in grea! contras!
1o the results for tube R12-C8 from Plant L. The burst strengths for the three regions
wure 10,470 pel, 8000 pai, and 10,400 psi, respectively. SEM fractography of the

burs! faces showed IGSCC macrocracks, confined 10 the crevice regions, that were 0.29,
0.62 and 0.45 Inch long, respectively. Thase Macrocracks were composed of
microoracks that were separated by ligaments with dimple rupture fractures. The
numbers of such microcracks were 1, 12, and 6, respectively, for the first, second and
third suppon plaie crevice regions.* The maximum spacing between microcrack ledges
with tensile overicad fsatures was 0.29, 0.26 and 0.14 inch, respectively. The

maximum depth of 'GSCC observed was 74%, 74%, and 70%, respectively.

Preliminary destructive examination of the first, second, and third support plate

fegions of ety R30-C64 has produced the following results. All three regions had

Sl uiar corrosion degradation. Axially oriented IGSCC with only minor 1o moderate IGA
components was preser.t without effective surface IGA (intermittent minor surface IGA,
110 2 grains ceep, was oocasionally present). The absence of the effective surtace IGA Is
a¢2in in contrast 1o the resu'ts for whe R12-CB and Is similar 10 the results for tube
R26-C70. At a mid-suppon plate elevation, 29, 85, and 30 cracks were found
distributed around the circumiference for the first, second and third support plate
regions, respectively. The presence of this moderate number of cracks is also typical of
Support plate cracking at many powsr plants and is in contrast 10 the results for tube
R12-CE irom Plant L, at least for the first support plate region. The burst strengths

for the thres replons were 10,500 psi, 8800 ps', and 10,200 psi, respectively. SEM
fractography of the burst taces showed IGSCC macrocracks, confined 1o the crevice
regions. that ware 0.74 (0.53)*, 0.61 and 0.45 inch long, respectively. These

' Otrer ligaments or ledges with Intergranular features were also present. In the
case ¢! the first support plate region, even ihough only predominantly
integranular ligaments were observed (i.e., one microcrack « one macrocrack),
three ricrocracks were effectively present due 1o the profile of the scallop-shaped
crack front,

" ABB rcported the crack langth greatly increased during the burst test during the
burst test and that a comected length would be 0.53 inch.
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MACcTooracks were composed of microoracks thit were separated by ligaments with
dimple rupture fractures. The numbers of such miorooracks were 12, 8, and 6
respectively, for the first, secord and third suppon plate creviee regions.* The
maximum spacing between microorack ledges with (nnslle overioad features was 0176,
0.28 and 0.12 inch, respeciively. The maximum oep™™ of IGSCC observed was 55%,
62%, and 49% respeciively.

The first, second and third support plate regions of each of these tubes (except for the
second support plate region of twbe R12-C70) have been burtt tested and SEM
fraciography has been performed on the axialy oriented burst fracture faces. All

crevice regions had predominantly wxial IGSCC. Ir. addition, nine of the fifteen support
plate crevice reglons may have had local areas within the orevice region with some
coliular IGA/SCC. The third and foutih pages of Table 4.4 (which includes summary
corrosion morphology data from many plants which will be discussed in more detall In
Section 4.4.3) provide further detalls. The probabliity of cellular IGA/SCC existing s
indicated by the choice of the adjectives definitely, probably, and possibly. The single
definite ubservation is based on radial metalography. The other observations are based
on visual observations and standard transverse and longitudinal metaliography. Pages 3
and 4 of Table 4.4 a'so proviie detalls of the crack densities of these 15 crevice regions
from Plant L (all had moderate 1o low crack densities), as well as detalls of the extent of
ITA associated with the major cracks ‘most had only minor IGA components) and the
extent of QD IGA (only three of ths fiflecn crevices had IGA, all in the form of & lew
isolated IGA patches). The lengths and depths of the burst fra. ..es faces and the burs!
pressures are provided In Table 4.5.

Further, details are presented for the first suppon plate crevice region on tube
R16-C74 where celiular IGA/SCC was confirmed. SEM fractography on the burst
opening found numerous axially orlented, OD region, intergranular microcracks, up 10
69% deep. Ignoring shallow and iso.a‘ed cracks near the support plate edges, the main
mucrocrack was 0.56 inches long and averaged 48% deep. Transverse melaliography
through the center of the crevice revealed 44 axially oriented Intergranular cracks,

wilh minor IGA components. The maximum local depth of cracking was approximately
40%. Negligible uniform IGA (typically 1 10 2 grains deep) was found on most of the OD
(and ID) surtace. Several small patohes of IGA (maximum depth of 19%) were also
observed.

Axial metatiography revealed whai looked like patch IGA that was up 1o 52% deep, that
was confined 10 the lower central region of the suppont plate crevice. (This corrosion
was later shown 10 be cellular IGAV/SCC.) In the region near this 2one where visual

: Other ligaments or ledges with intergranular features were also present. In the
case of the first support plate region, even though only predomina:itly
intergranulay ligaments were observed (L.e., one microorack « one macrocrack),
three microcracks were effectively present due 1o the profiie of the scallop-shaped
orack front.




observations revealed a complex mixture of axial ang circumferential cracking, in one
Quadrant of the crevice, radial metallography was performed on a 0.5 x 0.5 inch section

of tubing that had been flattened. Cellular IGA/SCC was found on one third of the section,
Figures 4-26 and 4-27 show the radial metalinoraphy obtained at various radial depths.
Later grinding operations performed on this radial section showed that only axial cracks
existed at a depth of approximately 69%. At present, it is believed that the cellular
IGA/SCC was mostly contained in this region and probably was not the dominant
morphology at the burs! fracture. This data is highlighted since similar corrosion
morphologles may exist at the first support plate region of tube R12-C8.

Summary of Plant L Degradaton

All three suppon plate regions of Plant L plugged tube R12-C8 had multiple axial IGSCC
macrocrack networks from the bottom 10 the top edge of the crevice. The first support
plate region had the deepest cracking, 82% through wall. For the second and third
support pla’e regions, the maximum crack depths were 48 and 55%, respectively. In
additior effective IGA patches were observed. In the case of the first support plate
crevie location, the IGA patches ocourred In regions with the highest crack densities.
The depths of the IGA patches were typically half that of the associated axial cracking.
For the recond and third support plate regions, limited data was directly available
regarding the IGA paiches, but it was reported by CE that the maximum depths of IGA for
these two support plate regions were 27% and 33%, respectively. The twenty-one
support plate regions from the other seven pulled Plant L tubes had corrosion more
typical of other plants: a small 1o moderate number of axial IGSCC, minor 10 moderate
IGA components 1o the cracking, and little or no separate IGA (patch IGA). While the
IGSCC on thaee tubes had IGA components, the appearance was more that of stress
corrosion cracking than that of IGA fingers as was observed at the first support plate
region of tube R12-C8. Finally, cellular IGA/SCC was locally observed at the first
suppon plate crevice region of tube R18-C74. Cellular IGA/SCC may have also been
present, and even played a major roll, in the corrosion degradation at the first suppon
plate region of tube R12-C8. Non-confirmed cellular IGA/SCC was also suspected in
local areas of the crevice regions of ain her eight of the total 24 crevice regions
examined.

442  Cellular IGASCC at Plant E-4

EdF steam generator tubes at support plate crévice regions at Plant £-4 have developed
celiular IGA/SCC. The celiular IGA/SCC Is localized in the crevice region such that most
of the crevice region Is free of corrosion. The second page of Table 4.4 presents
summary corrosion morphology data avallable from five crevice regions. The crevice
regions rad moderate crack densities, moderate IGA components associated with
individual major cracks, and no significant IGA Independent cracking. Burst lests
conducted produced the expected axial opening through complex mixtures of axial,
circumferantial and oblique cracks. For the more strongly affected areas, while the
cracking remained multi-directional, there was & predominance of axial cracking.
Figures 4-28 and 4-29 provide radial section photomicrographs through two of the

more strongly affected areas showing cellular IGA/SCC at Plant E-4.




442 Comparison of Plant L Suppont Plate Corrosion 1o Suppont Plate Corrosion
at Other Plants

It is difficult 1o compare corrosion morphology from one plant to another since the
visuai, metallographic and SEM fractographic data are frequently not comparable and
seldom provide a complets description. It is especially difficult if the person doing the
comparison has not directly worked with the raw data since it will not be known If the
reponed data represents typcial or the more spectacular and extreme data. With these
caveats, the following presents a corrosion comparison in which the raw data, not just
the reporied data, were all studied by the same person.

To compare suppon plate corrosion morphology, three ways of date characterization
were utilized. All three need 10 be considered 1o characterize the corrosion. The first
measures cracking density. Since most cracking within suppon plates is axial in
nature, cracking density is usually measured from a transverse metallographic section

It 8 complete section Is avallable, the cracking density al the given elevation can be
directly measured. If only a partial section is avallable, an estimate by extrapolation
can be made. Crrcking densities were arbitrarily divided into three density categories:
low (1 10 24 cracks); moderate (25 10 100 craoks); and high (greater than 100

cracks). Note that since most axial cracking is composed of short microcracks, usually
less than 0.05 inches long, a cracking denslly of say 25 al a given elevation would
correspond 1o several hundred microcracks within 8 suppot plate region. The senond
way of characterizing thn data involved measuring the amount of IGA associated with a
given crack. To do this the depth of the crack was divided by the width of the IGA as
measured St the mid-depth of the crack, creating a ratio DAV, Again, three arbitrary
D/W categories were created: minor (D/W » 20) (all or most PWSCC would be included
In this category If k were being considered in this analysis); moderate (D/W 3 10 20);
and significant (D/W « 3) where for a given crack with 8 D/W of 1 or less, the
morphology approaches that of patch IGA. The third way of characterizing the data
Involved considering the extent of !GA present on the the tubea, but only the IGA not
obviously associaled with a single crack wis considered. Consequently, IGA independent
of cracking is measured and IGA associated with the interaction of more than one crack is
measured. The measurement of IGA arbitrarly divided the circumierential extent of IGA
imo thrae catagories: neglipible (IGA < 5% deep); moderate (IGA 5 10 10% deep); and
significant (IGA greater than 10% deep).

Table 4.4 presents @ corrosion morphology comparison of Plant L suppon plate region
data, simllar data from othor plants examined by Westinghouse, and data from
laboratory corrosion tests conducted in model bollers. With respect 10 cracking density
at support plate locations, it is obvious that the cracking densities at Plant L for the

first support plate region of tube R12-C8 are considerably higher than experienced at
other plants examined by Westinghouse. However, simiiar cracking densities of several
hundred cracks at a given suppor! plate elevation are believed 1o exist in some EdF plants
in Europe and in some plants in Japan. The cracking densities for the other suppon
plate regions of tubes from Plant L. are more typical of other power plants with low 1o
moderate crack densitias. With respect to the amount of IGA associated with the axial
IGSCC, the Plant L data are similar 10 those at most other plants; moderate IGA
components are found in association with the axial IGSCC. With respect 10 IGA that is
present to a significant extent (l.e., excluding isolated IGA paiches), only Plant L (tube
R12-C8 only) and Plant M-2, among the plants examined by Westinghouse, were found
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10 have significant IGA (greater the o 10% through wall). 1t is believed in the case of
Plant L that the formation of IGA in the form of IGA patches is @ result of the high
oracking densities anc IGA aspects assoclated with the Individual cracks. Where the
cracks are particularly ciose 1ogether, IGA patches form at the Lase of the cracks where
the width of the IGA Is greatest. In the case «f Plant M-2, the typical IGA morpliology
was that of uniform IGA as is shown in the 'ower two photomicrographs in Figure 4-30.
The 1op photomicrograph in Figure 4-30 also shows uniform IGA but with some axial
IGECC appearing thiough the uniform IGA.

While not examined by Westinghouse, the ollowing presents data regarding Plant J.1
and Plant N-1, Figure 4-31 and 4.32 show photomicrographs from the first and

second support plate regions of tube NB-C74 of steam generatur 2 of Europasn Plant
o1, The intergranular corrosion appears 1o be very similar to that at Plant L. Table

4.4 pretonts qualitative morphological data. While thore is a slightly lower crack

density, the extent of IGA associated with individual cracks is similar (moderate D/W
ratios), the exten! and depth of IGA is similar and the urigin of the 1GA alsc appears 1o be
that of closely spaced axial IGSCC interacting nuar the surface 10 form local IGA patches.
I1s aiso interesting that the maximum depth of IGA compared 10 the depth of IGSCC is
similar, typically one-third 1o one-half of the IGSCC depth. The data from the support
plate regions at Plant N-1 was not in a form where firm conclusions regarding

oorrosion morphology could be made. Table 4.4 alsc presents an atiempt 1o force
conclusions from the data available 10 Weztinghouse. Averaging the data tromn the three
suppon plate regions, It Is concluded that a corrosion murphology similar to Plant L.

(tube R12-CB) and Plant J-1 exists at Plant N-1,



Table 4.1
Laboratory Eddy Current Data for Tubes Removed from Farley Unit 2

Results ut Bottom TSP Location for All Tubes

RPC Exam Axial Indication with Axial indication; 0.5 Axial indication
faint paraliel indication inch long, 76-81% 0.4 inch long,
20 1o 30 degrees away; doap. 90% deep.
0.44 Inch =ng,
77-82% deen,
Bobbin Exam
Echoram Indication 86-88% deep; Indication 86-87% Use field data
Probe voltage ranged from 3 . deep; voltage ranged only: 1.4 volts,
10 4.3 volts depeticing on tfrom9.61011.6 68% deep.
specimen orentation, volts depending on
specimen orientation.
Zetec Indication 86-91% deep; Indication 86-90%
Probs voltage ranged from 2.6 deep; voltage ranged
1o 5.0 volis depending on from 7.7 10 14.2
specimen orientation, volts depending on
specimen orientation.



Table 4.2
Leak and Burst Data for Tubes Removed from Farley Unit 2

Results ot Bottom TSP Location for All Tubes

Jesl Tube R4-C73 Tube B21:C22 Tube BR38:C46
Leak Test
Operating Leak Rate 0- 0.3 mimr 0 - «<? mbhr " No Leak
(delta P « 1500 psi)
Steam Line Break Rate 174 mihe 1086 mihr No Leak
(0elta P « 2650 psi)
Burs! Test
Burst Pressure | °
(psig)
Burst Ductility 56 68 76
(% dehta D)
Burst Opening Length 0.459 0.784 0.881
(inches)
Burst Opening Width 0.135 (OD), 0.210 (OD), 0.167
(inches) 0.100 (ID) 0.148 (ID)

Problems with back pressure regulator increased the measured leak rate.



Table 4.3

Depth of Corrosion Observed on Circumferential Fracture Face
from Center of the First Support Plate Crevice Reglon for

Plant L Tube R12.C8
Clcumierential Location Maximum Repth of Penetration

(degrees) (%)
0 62
10 90
20 97
30 78
40 52
50 80
60 52
70 40
80 18
80 60
100 48
110 48
120 56
130 60
140 58
150 60
160 56
170 “
180 56
190 2
200 14
210 10
220 18
230 8
240 14
750 14
260 16
270 14
280 T
200 40
300 44
310 18
320 18
330 0
340 16
350 0
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ALY 4.4
Compmrison of intergranuler Corrosion Morphciogy 8t Support Plate Regions on S/C Tubing and Lebaratory Spec imens
Creckirg Dansity (as Neasured

Extent of IGA Associsted with Extent of O IGR ot Obwiowsiy

.............

* Since most mupport plate cracking is composed of short sxisl microcrecks, typicelly 0.02 to 0.05 inch long for » SOX deep crack, »

Qets Source _Sr Estimeted for Ore Plene)® e 2@ Wujor Crecks Associsted with @ Single Crack) =
Lo Borerate wigh
-2 (25 - M0 (Grester Winor Roder ste Signiticant  Negi igible Nodecate Sigrni ficant
Lrocks)  Srecks) then T00) (DAt 020 (AN I 020 N ) (R eesp) (5 to YN Deeg) 1R Seep)
Fariey 2
"31-c48 SP - 3.2 2
B-CT3 B &2 o
21222 -2 .7 [
03R-Chs PV -0 "w-2e i (Possidle
cot luler
IGA/SIE in e
locel ares)
Plat 81
»E-05Y 1 (W) B3 ol L]
"4-TH1 P2 W) 15 ifor S (for 2X Deep
axinl) axinl), -V Intermit -
& Cire. {for Circ. tertly sround
Cracks) Cracks) circumfersnce
R6-081-5PS (1%} -6 (Circ. -2 9 (Powsibis
Cracks) col luler
IGA/SET im0
tocel sroe.
Plent 82
"-CET SPT (2m) " 13 aQ
RE-CET SP3 (BW) 2 " A deen
intermittent iy
o cire.
R6-CAT PS5 (1I) 6 o Dete Sc Dets

mnwwdaﬂdhmwd.mmmmwmdm-wumm«rqm.
** DDepth of SOC as measured from the @ surfece saciusive of sny surfsce 1GA. W=ideh of IGA compement to the SIT s measured at the mid yoint of

the SCC.
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Plam 91
LraR <Ll )

1833 s

733
Plant D-2

2738

o e
RT-C38 w3

125 w3

Pleet E-4
"M9-CI5 w2

R19-C55 03

22040 T

*8-CAT w3

Cracking Density (o Measi »d

9 Estimeted for Ore Plene)”
Low ecerete ®igh
(126 €25 - W0  tGreater

Lrachky)  Cracks) then 100} @AST 2N (NI OGN G

Sl

Hes

A

TABLE 4.4 (Contimmt ion)

Extent of | - Amssocisted vith

Extant of 00 IGA (Mot (Bwiowmiy

the Sejor Crecks Associeted with & Single Crack) =
LR Wocker 8t e Signi ficent Wegl igibis L o R Sigeifiomm
(SRPeepi (5 to WX Deep) (0K Deep)
s Possibie wmmil
158 omtches?
&% mmn. for
™ of cire
lrmcdmgmte Dats 9
“ 8 a
" 0
2% L ey
intermit
temity
ot clir-
vl arence
* 1]
es -0 Zelluter 160/
SCC presert
%o Dete < Cel luier 1GA/
SOC present
o Dats . Cet lular 1GA/
SCC present
Jre 2 2 Ceituier 1GA
SCC pressnt
4 X deep LG, Cet luler 1GA7
Irtermitiantiy SCC present
srownd clire .

. mnm”mmnwumwm. typicaily 0.02 to 0.95 inch long for & 50X deep crack, »
mmdﬂ“hnw“mnu-dMWMdﬁowummmm
* Debepth of ST as Sessured from the (0 surfece enciumive of sy surface 1G4 Saiideh of 1GA component to the SCC s measured ot the mid point of
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TABLE & & (Cont irmset ion)

Cracking Deamity (88 Neasured Extent of (GA Associsted with Extent of GD I3 (Wot Obwioemiy

Pats Sowrce _or_Estimeted for One Plere)* —_— . the Wajor Crecks Associeted with @ Single Crack)
Low gt wigh
(124 25 - W8 (Grester "iner Noctec ate Significent  #egligibie e mte Sige flomen

Lracke) Lreckel Den190) QAP0 OM I _GND)  (SIOeep) (3 to WX Deep) (210K Deep)

Plamt L
228 o1 < 618 (Pomsibie 1% - »
272 50%) cel luler 168/ Conter . imes
SCT) o et below
Conter (see
Table 4.2), wan
depth (X by
Wete! lography
"2 w2 Woderate (ne Interm ttantly
quant itet ive dintr ituted,
date evniiable) pateh IGA (X
of circ.), wan.
depth 12X
M-8 w3 Moderate (no Intermit ently
et i tat lve dietr itnsted,
dats svaliabie) patoh 166 (X
of cire. ), .
depth 27X
ae-cre o 23 b ]
e w2 5 ”
'X%-cTo sP3 - 2 w50

* fSince sost sgport plate cracking s composed of short axisl microcracks, typicaily 2.02 1o 0.05 inch iong for & S0% deep creck, »

wmicrocracking dermity of 75 could te sssocisted with more then severs! hundred Individum! microcrecks within e suppor? plate crevice remion
** peDepth of SCT ee sesmwred from the B surface exclimive of any murfoce 1GA. PUIETh of 1GA component to the SIT 38 msasured at the id point of

the SCT.




Plant i (Com.)
250084 591

n6-CT

LS )

Cracting Dermity (as Sesmsred

—=r Estimeted for One Plere)®
Low Morderate wigh

-2 25 - 10 (Grester

TABLE & & (Cont immt ion)

Extent of 1GA Aseoc ietes wtih

1 Wejor Crecks

"iror

Extent of OB 15D (Mot TBwimwiy

—Asgocieted with g Singie Creck)

Moctmr gt e Signi ficame Segi igibie Bodersts S ot

Sracks)  Crecks) ten IO AT 2 BAI @S (SEDem (Ste NPes) VR Peeny

Celivter G/
SCC povs il y
present lecelly

A few patches
of 1GA present,
oan. depth 19%;
{ellvier 1CAS
SCC detinivaly
present locelly

& Tew petches
of IGA, 1™

Crels - Col luinr A/
T peobebi oy

proeent locwity

95 Celivier GA/
ST pomnibly
ot locelly

* Sier s et mgoort piate cracking is composed of short axiel wmicracracks, typicelly .02 to 2.0% inch long for 50K deep crmck, »
wicrocracking demmity of 23 could be sesuc iated with sore then severst hurwired individm! microcracks within 8 sgpor? plate crevice regior
** pbepth of ST es seemured from the T swrfsce sxciusive of srw surface 1G8. WiORA of 1GA comporwnt to the SIT a5 messured st the o point of

the SCC.
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TABLE & & (Tontimmrion)

Cracking Density (a2 Wmsured Extant of 168 Assoc isted with Extent of 0D 1CA (ot Thwiowm!y
Dets Jowrce _or Estimeted for ™ / \€ri®_  ______ the Wajer Cracks __Associsted with @ Siogle Craeky
o~ R wt »
AWM B = e e Rodder wte Significamt  Segligibie ot are Sigri ficant
Lracks) Lo e i AP0 NIl M)  (SEDeep) 5 to MR Deep) (70X Dewp)
Plamt B¢
WL = D5 = 1 i crack o e —
= fromts is defirmd e TER; -
e defined being present dupth 26X
e cracks
with LNV
«"n
riet C-2
26156 @1 21 - 2% L
-
Pilar »-1 -
£6-C80 1 = ®inor to o
moderste, §
e 5 0N
216250 97 =) MW A fow 1GA
patches ot @
crack locet lome
. depth 37X
211042 1 » LR R £
211-C48 w3 £ " 160 et 1GA

patches  sae. depth
L, less then 20N
of cirmmfsrence

- ﬂm-mﬂn.mue—-ld“-’dm typicaliy 6.02 to .05 inch long for & SOX deep crack, =
mmuaw-wa.mummwmdm—.mmmmm.
““dn--ﬁﬁ-&.mmﬂ-“‘ Sidth of 1GA comporent "o the ST a5 meeswed ot the mid point of

the SCC.
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TABLE & 4 (Contimation)

Cracking Dengity (29 Messured Extant of 1GA Assecieted with Extent of OB IGA (Mot Dbwioumiy

Dste Source o Estimeted for Orw Pleme)® — She Wejor Crecks . fasocigted with @ Single Crack)
(. Becdmowre nigh
" 25 - WE  (Grester Wiror Worte: wt e Significas Wegl iginie e wte Significene

Lrocks)  Crecks: then100) DACT ) @A I1920) /¥ <8) (<SEDeesi (5 to WRDees) >0 Desp)

Plmt 4-1
[ Rl o) %1 -2 I r—
deprh SO
18-C7 =2 7% e"s 2" -
depth 20X
Plat w1
159-C95 $P1 WG 4 (wislending ", -
ratio for these Smprh UYL
cracks should
be lerger waiuwe)
L9995 92 @ tmo crecis =°, -
Jumt 1GA) depth 13X
L120-C92 93 3 . 3 trot scowr- 1L deer
ate since Intermit -
cbrgired from tent v
rwtche o cir-
spec lmmn) et or me e
Leborstory Tests
-5 (] -3¢ )
5434 b ] o0 L]
361 2 & a
S Y ” % °
s .- " ]
$33-3 £ ] 1148 ¢
n-e-1 " " o

.............

* Since most supmort piats cracking is composed of short axisl sicrocracks, typiceily 0.02 to 0.05 inch long for & 0% ceen crack, »
wicrocracking dersity of 25 cxdd be associsted with more than severs! hundred individus! sicrocracks within & sgport plate crevice region
** Deepth of SCC #2 meanwred from the 00 auwrfece sacimmive of ww surface 1GA. PWidh of IGA compormnt to The SCT se measured at the mid point of

the SCT.
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R8-C&6 TSP 1
RB-CE6 TEP 2
RE-C66 TSP 3

HB-C68 TEP 1
R8-C68 TSP 2
+ 3-C69 TSP 3

R12-C70 TSP 1
R12.C70 TSP 2

R16-C74 TSF 1
R16-C74 TSP 2
R16-C74 TSP 3

R20-C66 TSP 1
R20-C66 TSP 2
R20-C66 TSP 3

Table 4.5

Intergranular
Macrocrack
Lungth On

mmnlmm

(psi)
7600
8750
10600
5900
7700
8700

7i00

10400

81560
8750

(inch)

0.83
0.88
0.50

0.92
1.00°
049

0'.2
0.88°

0.56
027
026

0.860
0.68
0.60

Summary Data on Tubes Burst from
Third Tube Pull Campalign st Plant L

2R3 28 888 ¢z

&8 233 8Brg

45
a7

* Direct measurement shows that the pre-burst length does not exceed 0.75 inch.
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Patch 1GA

tube 1D

Uniform IGA

Figure 4.) Patch and uniform 1GA morpho) as observed in a
transverse tube section. (A similar observation would be
made from a longitudinal section,)
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a— tube 0D

e Lube 1D
Branch SCC

/.'nnpu {4 ¢

transverse section
schematic

R

tube 1D

longitudinal section
schematic

Figure 4-2  Schematic of simple IGSCC and branch IGSCC. Note that
branch and simple IGSCC are not distinguishable from a
Tongitudinal meta'lographic section. From a longitudingl
section, they also look similar to IGA (See Figure 4.3).
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tube OD

1GA with
1GA l;}h 1GSCC/1GA fingorch
ngers D/W «
IGA with 1G6SCC - (n/w'. 6) 0/ 1
fingers
(O/W > 10)

// \ tube 10

transverse section
schemgtic

tube 0D

R /)7 e

tube 1D

longitudinal section
schematic

Figure 4.3 Schematic of IGA with IGSCC fingers and IGA with IGA
fingers. Note that neither of the above variations can be
distinguished from a longitudinal section.
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Figure 4-4

11 ®ils Deep 21 Mils Deep 2
. Axial Birectionm . - Rag

Photomicrographs of radial setallography performed on a region with
arial and circumferertial degradation on tube Ri6-C74, support
plate 1. Cellular 15A was found with iiitle change in the cell
shape and cell wall thickness at depths of &4, 11 and 21 mils Delow
the 0D surface. MNote that the cut saction was flattened,
praferentially opening the circumferential wall of the cells



¢ ok N et -
L.__.ﬁ_‘..x,-, . _..J.Y.'..:.‘.,z - -:Qh._k.

Macrocrack Length »
Throughwall Length «

Number of Microcracks

Morphology « 1GSCC with moderate

- SP bottom

Figute 4 - § Summary of crack distibution and morphology observed on the first support
piaie cravice region of tube R31-C48, Farley |init 2
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of tube R31-C46. The crack morphology is that of IGSCC with moderate IGA

transverse metallographic section of the first support plate cravice region
conponents.

Figure 4 - 6. Secondary crack distribution and & photomicrograoh of one of the cracks in a

434



10

Macrocrack Length = 0.4 inch
Throughwall Length = 0.0 inch

Number of Microcracks « 7 (all ligaments have predominantly
intergranular features)

Morphology = JGSCC with some IGA aspects (circumferential cracking
has more IGA characteristics)

0.75 inches - - SP top

0.0 inches - - SP bottom

180° 270° ¢ 90° 180°

Sketch of Crack Distribution

Figure 4 - 7. Duabﬁonofoooﬂchoonubnlnhoﬂﬁhswponmtoammbnot
tube R4-C61, Plant B-1
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Figure 4 - B. Photomicrographs of tube R4-Cé1 corrosion degradation. Top photo shows
axial crack morphology (ransverse section) at the eighth support plate
location (no transverse metaliography was performed at the fitth support
plate region). Bottom photo shows sircumferential crack morphology (axial

section) at fifth support plate region.
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Macrocrack Length « 0.42 inches
Throughwall Length = 0.18 inches

Number of Microcracks = 4 (all ligaments with intergranular
features)

Morphology = Intergranular SCC with some IGA characteristics
(width of IGA 0.012 inches)

0.7% inches - - SP top
0.6 inches - |,
3 * 1 I
i J1
|
s |
- ¢ l ]
0.2 inches =
0.0 inches - | ~ SP bottem

180° 270° 0° 90° 180°

sketch of Crack Distribution

Figure 4 - 8. Description of OD origin corrosion at the first support plate crevice
region of tube R4-C73.
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100%

18%

Figure 4 - 10. Sketch cf crack distribution and depth within the center of the first support
plate intersection in tube R4-C73.
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Burst Opening

Fracture

Mag. 50X

1} d L N -~ M» '@ L -
- y i n" LN | ! - N P

Mag. 100X

Figure 4 - 11, Top photomicrograph is from a transverse section through one half of the main
burst crack. The crack morphology is that of IGSCC with some IGA
characteristics (width of IGA is 0.006 inch on one side of the crack). Bottom
micrograph is from a transverse section through a typical crack located near
the burst crack. The morphology is that of IGSCC with only minor IGA
characteristics. (Note: crack is opened wide by tube deformation).
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00

Macrocrack Length « 0.50 inchaes
Throughwall Length « 0.15 inches

Number of Microcracks = & (two Yigaments with intergranular
features, one with ductil!e overload features)

Morphology = Intergranular SCC with significant [GA
characteristics (width of IGA C.030 inches)

0.75 inches - \) - SP top
0.25 inches -
0.0 inches - - SP bottom

180° 270° 0° 90° 180°

sketch of Crack Distribution

Figure 4 - 12. Description of OD origin corrosion at the first support plate crevice
region of tube R21-C22,



Figure 4 - 13. Sketch of crack distribution and depth within the first support piate crevice
region in tube R21-C22.
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Figure 4 - 14,

D ATL a0
ALt [ = g - Tkt N
N b ‘ T 3w Mag. 100X

TN

-

Top micrographs are from a transverse section through one haif of the main
burst crack. The morphology is that of ICSCC with significant 1GA
characteristice (width of IGA is 0.015 inch on one side »f the crack). Botiom
micrograph is from a transverse section through the only other crack found

in the crevice region. Its momphology is rmore that of IGSCT. (Note: crack has
been opened wide by tube deformation).
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10

Macrocrack Length « 0.37 inches
Throughwall Length « O (78% throughwall)

Number of Microcracks = numerous (1igaments have intergranular
features)

Morphology = Intergranular SCC with minor IGA features
(Unusual spider-shaped crack distribution)

burst opening
location
0.75 inches - - SP top
o l
.
- i C
!
' y‘ .t )
‘b
L y
/i
I 2
J
{ .
0.0 inches - = SP bottom

180° 270° 0° 90° 180°

Figure 4 - 15, Description of OD origin corrosion at the first suppor! plate crevice
region of tube R38-C46.
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Figure 4 - 16. Summary of distribution and maximum depth of cracks found within the first
support plate crevice region of tube R38-C46.
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Figure 4 - 17. Photmicrograpns of a transverse metaliographic section through the first

support plate crevice region of tube R38-C46. The crack morphology is that
of IGSCC with minor IGA characteristics. Mag. 100X.
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Figure 4 - 18. Cracks at the OD surtace of Farley-2 tube R16-C50 at the first tube
suppon plate crevice. Mag. 100X
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47

Photomicrographs of a transverse section from the first support plate

crevice region of tube R16-C53. Mag. 100X.

Figure 4 - 19,



Figure 4 - 20. Additional micrographs from the same transverse section shown in
Figure 4-15, tube R16-C53. Mag. 100X.
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Max Depth
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Figure 4 - 21. Crack network location at first support plate ragion on tube

R20-C26 HL.
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B Mag. 100X

Figure 4 - 22. Transverse metallographic section through tube R20-C26 HL
at the mii-poir.. of the first support plate crevice region (90°
deformed half) with crack detalls in Areas A and B

4 -50



Figure 4 - 23.  Transverse metaliographic section through Farley-1 tube R20-C26 HL
at the first support plate crevice region (80° deformed half) below the
support plate crevice top with crack details in Areas A and B
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Figure 4 - 24.  Crack detalls in Areas C, D, and E of metallographic cross section shown
in previous figure, tube R20-C26 HL, Farley-1.
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[GA PATCH

1

—— e

1GA PATCH

“""i%.‘fc’. 4

Figure 4 - 25 Transverse optical micrographs obtained just below the circumferential
fracture at the center of the support plate. The circumferential location is
that where the deepest corrosion was found. The deepest axial IGSCC is 85%
through wall and three IGA patches are observed: one 43% through wall and
0.015 inch long, one 33% through wall and 0.05 inch long, and one 28%
through wall and 0.015 inch long. The axial IGSCC had IGA aspects to
individual cracks. These aspects can be characterized Dy ratios comparing
the crack length (depth from OD surface) 1o IGA width at the mid-crack
location. L/W ratios vary from 6 10 18. Plant L R1208
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¢ Mils Deep

Figure 4 - 25.

11 Mils Dees 21 Mils Deep
’ Axfal Direction

>

Photomicrographs of radtal metallography performed on a region with
exial and circumferential degradation on tube RI6-C74, support
plate 1. Cellelar IGA was found with Tittle change in the cell
shape and call wall thickness at depths of &, |1 and 2] mils below
the 0D surface. WKote that the cut section was flattened,
preferentially opening the circumferential wall of the cells




crographs of the radial section

Figure 4 - 27. Higher magnification pnotomi
Top photo 50X, bottom 200X

shown in the previous figure.




Axial Direction ----

Figure 4-28

50X

Radia) metallographic section through a portion of the third
support plate crevice region of tube R19-C35 from Plant

£-4. A cellular IGA/SCC structure is observed. The depth
of the section was not specified.
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Figure 4-29

50X

Radial metallographic section through a portion of the
fourth support plate crevice region of tube R19-C35 from
Plant E-4. A cellular IGA/SCC structure is observed. The
depth of the section was not specified.
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Figure 4 - 30. Transverse metallograshy at 0.2 inches above {irst
support plate bottom edge showing almost continuous 0D
1GA around circumference. Maximum depth is 24%

Tube R29-C46 CL, Plant M-2
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Figure 4 - 31 Transverse photomicrooraphs of intergranular corrosion at
the first support plate region of tube LB-C74 from plant .J-)



Figure 4 - 32.  Transverse photomicrographs of intergranular corrosion at

1

the secon) support plate region of tube L8-C74 from Plant J-]
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5.0 FARLEY EDDY CURRENT INSPECTION RESULTS
6.1  Farey Unit-1, March 1991 Inspection

The scheauled program of £~ inspections performed A1 Farley Unit-1 in the 10t
refueling outage included full length bobbin probing of 100% of the avallable tubes
Supplemental inspection was performed with rotating pancake coll (RPC) probes 1o
characierize distoned Indications identified at th: TSP elevations. A summary of the
Inspection results is givan in Table 6.1,

The TSP bobbin EC indications were observed randomly aoross the tube bundie with SG-A
having 194, 8G-B 1366 "G-C 218. The bobbin indications were turther

characterized using RPL ' _oes; If the data revealed crack tube behavior, then the tube
was removed from service by plugging.

The total tube plugging during the outage was 266, with 97 being plugped for ODSCC
indications ¢ the support plales, 43 for indications at the 1op of the tubesheet, 76 for
PWECC in the WEXTEX regich, and 49 for U-bend PWSCC.

In & manner similar 1o Unit-2 (ses Section 0.2 below), prior eddy curre: data (i 868

and 1986 inspections) were . "viewed 10 assess the progression of ODSCC indication® at
the TSPs. The results of this e-evaluation show that the rate of progression of ODECC at
the suppor plates is very slow. During this re-evaluation, percent through wall

esiimates were made for the distoned indications. Over the last two operating cycles,

the average growths in indicated through wall penetration were 5% in 1988-89 (with a
slandard deviation of 16% ) and 6% in 1980-91 (with a standard deviation of 24% \:

see Figure 5.3

mmrmmmummumunmmawmm

sach SG are givan In Figure 5-1; Figure 5-2 llustrates the axial distribution of the

TSP indications, deWMMMWEWM
Figure 612 for the data recorded in both the 1988 and 1991 inspections. Vohage

prowth rate data are discussed in section 5.3,

nmyuwmmmrmummummmmwm.
mthmauhdwnmtmmwhwwmm. This is attributable 1o the
mwwmmonmmmmmbnwmmm. It Is believed
mloommuuowmofhmmcmmanwm
the 1885-86 cyole. Inhibiting efiects of boric acid treatment and the improved
mmwmmmmmmmmmmmwm
progression of CDSCC., murmmnmmummmomcmm
al the TSP intersections.

52 Farey Unit-2, October 1490 Inspection
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1esting 1o assis! In characterizing the extent and nature of the degradation. Tubes found
10 exhibit degradation suggestive of ODTCC were plugged; this resulted in plugging 244
tubes, 30 In SG-A, 64 in SG-B and 150 in 5G-C. Estimation of the growth In tube wall
enetrations during Cyole 7 yieldod 0.6% for SG-A, 2.3% for SG-B and 3.6% tor 5G-C.
The composite changes for the three 5G's combined was -3.3° In phase angle and ~2.8%
depth of fube wall Increase for the last oycle, based on evaluation of 327 sighals. Only

14 of the 327 Indications reporied for Farley-2 exceeded 1.75 volts in amplitude.

Along with the Farley-1 data, Table 5.2 displays & breakdown of the EC ind.cations
reported for the Farey-2 8G TSPs in the October 19980 inspection. 11 is noted that all
Indications 240% as well as aimost all the disionted indications (208 of 210) were
reporied on the hot leg side of the tube bundie. Though 248 of the 308 ho! leg indications
reprobed with thy MAPC were verified 10 exhiblt signs of degradation, the bobbin
ampliitude ¢' - ve signals was below .75 volts for at least 94% of them, Figure 5.4
summarnizes e sxial distribution of the TSP indications.

Figure 6-6 displays the voltage levels recorded for all TSP Indications In Farley-2. A
discussion of voltage growth is given In Sectior 5.3.

In order to provide a definitive understanding of the Farley-2 historical context
conerning TSP ODSCC, a re-evaluation of the prior EC 1ape records has been performed
beginning with each iIndication reported in the 10/80 inspection, working back in time
for these indications while adding in the previously plugged tubes and thelr prior tapes;
all these recorJs were analyzed using the EC interpretation guidelines employed In the
fleld in 10/90, so that & normalized or rationalized data base could be constructed.
Growth rates, more correctly change rates, were developed over four opargting cycles
from 1985 10 1580. The phase angle changes for the four cycles are dit Iayed In Figure
§-6, from which It can be seen that only a slight negative shift In average phase angle
has ocourred sinoe 1885, For conservatism, summing only the negative average phase
shifts sinoe 1985 ylekis -7.4° over four cycles, or approximately 8% total growth In
iquivalent depth of tube wall peietration over that four cycle, § year time period.

It must be recognized that these shanges refiect the behavior of tubes which In large part
were affected by the inliblting effects of boric acid treatment atter 1986, The tubes
plugged In 1886 were those that exhibited an enhanced sensitivity 10 caustic aftack,
resulting In EC indications greater than th iugging limit. However, & second
population of lubes was aiso affected. The data obtained during the reevaluation
damonsirale that the rate of progression of the EC signals is very slow. Further, the
statistics sugges! that the nucieation rate in the presence of boric acid is very small. In
short, the tube p.ugping observed can be attributed 10 & fixed population.

63 Vohage Growth Rates for Farley SGs

This section summarizes the evaluation of voltage growth rates, including historical
trends, for Farley Units 1 and 2. The growth rate dats are utilzed in Section 12 1o
develop the tube plugging limits.

Table 5.4 shows the historical data on voltage growth per cyrle for both Farey units.
Percent growth rates are given as the increase ¥ voltage amplitude over an operating

f-2



oycle reimtive 1o the beginning of cycle amplitude. Average growth is given as the direct
average of all cata and as the conservative average obtainad by seiting measured negative
Qrowth changes 10 xero In cefining the average. Also shown are the number of Indications
contributing 10 the averages and the average vollage amplitudes for all indications. The
Slandarg deviations are also given as an indicstor of voltage variability, M vever, as

neted below, the growth distributions are not representative of a normal distribution so

that cumulative probability distributions are providad for analyses such as SLB leakage
projections that incorporate growth rate uncertainties.

Figures 6-10 and 511 show scatter plots of parcent growth versus the BOC (beginning
of cycle) amplitudes for the las! two operating cycles. Both units show a decrease in
percent growth with increasing amplitude with the weighled averages, shown as solid
knes, tending toward negative values at BOC amplitudes above sbout 0.76 volt. The
negative growth values typically result from changes in calibration standards and
analysis guidelines recognizing that no major effort was applied 1o achieve ounsistency
in voltage evaluations. Negative growth can be assumed 10 represent 24: . growth for
delermining average growth. This is conservative since the random, negative
fluctuations are ignored while positive fluctuations are retained in computing averages.
The scatter in growth values is much larger at low amplitudes as expected since these
amplitudes are near the detection threshold where measurement accuracy is less
reliable than for larger Indications.

The data also show & few growth values considerably above the overall trend. Most of
these occur &t low BOC amplitudes where modest growth can significantly increase
amplitudes and enhance detectability. Since a relatively larpe number of Indications are
Included in the database, the trequency of the outliers in growth can be considered 10 be
representative of the population anc conservative when extrapolated 1o growth trends al
higher voltago levels such as for statistical SLB leak rate analyses. Figures 5-12 and
5:13 show histograms and cumulative prababliity curves developed from the data of
Figures 510 and 511, Figures 5-14 and 5-15 show the cumulative growth

probability expressed as growth per EFPY and as growth per cycle, respectively.
qu&uwnlmmmmwwmmudmaw
in Section 12.4. Growth per EFPY is appropriate if cvale lengths change, while growth
per cycie can be applied If cycle lengths are not varied as is common at Farley. As can be
mnlr.munwl.hogvmmwmbbwanommmnmhmo
AV's. For this reason, cumulative distributions such as Figure 5-15 are used for the
SLB analyses required by the Section 12 repair criteria. Use of standard deviations 1o
project growth to EOC conditions wouid be non-conservative compared 1o the actual
cumulaiive probabllity oistributions. For example, more than four standard deviations

are required 1o achieve the larpe AV tails of the actual distributions oi Figure 5-15.

The larger growths of Figure 5-15 tend o ocour for BOC voltages less than about 1.3
volts. The trend for larger growth &t icw volages can be seen In Figures 5-11 and

512, mmmmo«mwmummmw
calibration standards, the volage growth rates for SLB analyses would be based upon the
larger population of the largest 200 BOC voltages or the BOC voltages within about 1.5
volts of the tube plugging voltage init.

Figure 5-16 shows the historical average growt' rate trends for the Farley units.
Shown are the overall average of all data as well as averages for < 0.75 and » 0.75 volt




BOC ampliudes. The data show the stiong trend for reduced peroen' growth at higher
amplitudes. For conservatism In establishing the plugging oriteria, the overall average
growth rates are used 1o project growth at higher amplitudes in Section 12 1o develop
the voltape-based tube plugging limits. Eection 6.7 compares voltage growth trends
from other available plant data with the Farley data.

64 Denting and TSP Corrosion Review

The condition of the Farley steam generator tube suppon plates with respect 10 the
Incidence of denting has previously been regarded as in the minor, nearly negligible,
category. However, during investigations of the condition of the R20-C26 tube at the
first hot leg TSP (lube sample from Farey-1 taken in October 1989), the difficulty in
eniitying the presence of the 62% ODSCC found in the iaboratory from the field EC
inspection was attributed in pan 10 Inlerference from dents. Since the Influence of TSP
corrosion and denting in limiting displacement of the TSP's during accident cond!tions
inay be subsiantial, a review of selected portions of the Farley steam generator tube
bundies was undertaken.

Hot leg suppon plate elevativ.s in all £3's exhibit only small numbers of tube
deformation (dent) signals, but examination of the TSP signals at low frequency (10

kHz) shows positive effects of corrosion proguct bulldup in the TSP annuli; this effec! is
atiributed to magnetie formation which accompanies the inciplent stage of denting.
Dent-related corrosion as defined In NRC Bulletin 88-02 was evaluated for tubes in
regions nol close 10 the stay rods. The cold leg portions of the tube bundle show less
influence of the presence of TSP corrosion, due 10 the reduced COrOsION ralas assouk wo
with lower tube temperatures. For example, Figure 5-7 summarizes the results uf the

EC roview for Farley-1 in the cold legs of the long est tubes of sach steam generator.
Table 6.3 displays the data for all regions of S5G-A.

Thus the existence of TSP corrosion In the Farley-1 steam generators is confirmed. An
evaluation of TSP corrosion was elso performed for the Farley-2 SG-A as given In Table
5.4. TSP corrosion has been confirmed for this SG and " can reasonably be assumed that
the other £Gs in Unit-2 also have similar TSP corrosion.

65 RPCData

Although TGP/ODSCC indications detected by the bobbin coll tend 10 wxhibit complex
lissnjous patierns In the Farley steam generators, characterization of the degradation at
theso locations with the rotating pancake coll probe (RPC) ofien clarifies the dimensions
und distribution of the major crack features. A selection of four (4) such RFC
characterizations from each unii are provided In Figures 5-8 and 5-9. For Farley-1

the figure exhibits the data for the pulled tube (SG-C: R20-C26) and the tubes plugped
for TSP/ODSCC in November 1886, SG-B: R12-C3 and SG-B: R31-C50; similarly the
Farley-2 examples include two tubes pulled in November 1990 SG-B: R4-C73 and
SG-B: R21-C22 as well as two with large bobbin signal voltages plugged during the same
outage (SG-C: R38-C65 and SG-C: R40-C43).



Table 5.1

Summary of EC Indlcations In Last Inspection of Farley SGs

Bobbin Signals
«20% Ceopth
20-20%
30-39%
40-49%
50-50%
60-69%
70-79%
80-89%
90-100%
Distorted

RPC Results
Degradation Verlified

Tubes Plugyed for
QDSCC Indication

Bobbin Signals
<20% Depth
20-29%
30-39%

40 49%
50-59%
60-69%
70-78%
80-89%
80-100%
Distorted

FPC Results
Indications Probed
Degradation Verlfied

Tubes Plugped for
ODSCC indication

-

~SGA ~u08
B Q H Q
UNIT 1 (MARCH 1901)
0 0 0 1
0 0 0 2
0 n 0 ¢
0 0 Y 0
2 0 2 0
2 0 1 0
2 0 2 0
“ 0 0 0
0 0 0 0
80 0 126 0
72 0 24 0
55 24
UNIT 2 (OCTOBER 1090)
3 ] 2 4
7 2 0 2
3 2 5 0
1 0 1 0
1 0 B 0
1 0 8 0
a 0 ) 0
1 0 ¢ 0
0 0 0 0
40 0 54 R
48 0 81 2
k) 0 €6 0
29 64

~S0.C
H QA
0 0
0 1
0 1
0 0
0 0
1 0
1 0
0 0
0 0
208 0
20 0
18
1 0
1 1
B 1
€ 0
11 0
17 0
23 0
8 0
0 0
114 0
179 0
161 0
147



Table 5.2

TSP Corrosion Evaluation
Farley-1 Steam Generator A
October 1989
HC

Begn 0. i, TSPC TGP3 ISP¢ ISPS JEPS ISE7

[ Hot | Tubes Examined § 0 4 a8 4 @ 59
Periphery |Leg |%Coroded Crevice . ¢« ¥ B¢ ‘00 100 104 100
Perpendicular |
1o Tubslane | Cold | Tubes Examined 98 70 70 70 70 70 70

[Leg |% Comoded Crevice 102 24% 114 40 814 37 914
Periphery | Mot | Tubes SExamined 63 63 63 63 63 63 63
g High [Leg |%CorrodedCrevice 778 833 §72 100 100 100 100

olumns |

Paraliel | Cold | Tubes Examined 50 50 50 80 80 50 50
10 Tubelane |Leg |% Corroded Crevice 778 861 100 100 00 100 100
Pariphery | Mot | Tubes Examined 36 36 36 36 36 36 a6
at Low |Log |% Corroded Crevice 809 8285 921 100 100 100 100
Columns |
Paraliel | Cold | Tubes Examined 36 36 a6 36 36 36 36
1o Tubelane |Leg |% Corroded Crevice 280 66 94 100 100 100 100



Table 6.3

TSP Corrosion Evalustion
Farley-2 Steam Generator A
October 1990

HC
Begion g ISPl ISP2 ISP3 ISP4 ISPS ISPS ISP

| Mot | Tubes Examined 20 20 20 ki 60 102 1580
Pariphery | Leg | % Corroded Crevice 80 95 L) 100 95 682 94
Perpendicular |
1o Tubelane | Cold | Tubes Examined 20 20 20 37 82 00 1560

| Leg | % Comoded Crevice 75 95 95 8685 72 816 907
Periphery | Both | Tubes Examined 34 as 36 151 151 163 162
at Migh |Legs |% Cormoded Crevice 764 B86 BBS 967 987 994 806
Columns |
Paralle! |
10 Tubelane |
Periphery | Both | Tubes Examined 37 ” a7 66 13¢ 138 143
at Low |Legs | % Corroded Crevice 703 622 585 825 946 939 973
Columns |
Paraliel |
10 Tubelane |



Table 5.4
Voltage Growth Per Cycle for Farley Units 1 and 2 (1)

Number of  Average % Growth/Cycle % 2 0 Growth/Cycle

Lot/ Cyole Indications Yolage  Avetage Sud.Dev.  Average Sid Dev
Farley-1 Cycles
19085 10 1986 123 " 045 45% 2% 50% 67%
1986 10 1988 274 0.48 50% 82% 64% 77%
1988 10 1989 a0 0.62 36% 68% 43% 61%
198R 10 1991

Entire voltage range 499 0.70 33% 1% 3% 46%

VBOG « 0.76 volt 306 0.51 48% 54% 50% §1%

Veng 2 0.75 volt 103 1.0 B% 33% 17% 24%
Average over last 3 cycles 40% 66% 46% 61%
Farley-2 Cycles
1966 10 1987 an 0.55 24% 72% 60%
1987 10 1989 316 0.59 34% 79% 45% 70%
19896 10 1891

Entire voltage range 326 0.7 15% 68% 9% 658%

VBOC « 0.75 volt 207 0.82 30% 74% 40% 66%

VBOC 2 0.76 voh 119 1.04 13% 45% 10% 2%
Average over last 3 cycles 24% 74% ar% 63%
hiotes

1. Voltage growth percycle determined as (VEOC - VBOC) / VBOC :

2. Growth per oycle obtained by conservatively setting volage change (VEOC - VBOC)
to zer0 If measured change is negative.



NUMBER OF OBSERVATIONS

Figure 5.1

stored Indication Signal Amplitudes in Farey-1 8/Gs (March 1891
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Figure 5.2
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Figure 5.3
Average Growih in Depth for Farley-1 §/Gs Over Last 2 Cycles
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NUMBER OF INDICATIONS

F gure 5-4

Axial Distribution of TSP Indications in Farley-2 5/Gs (Qctober 1980)
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NUMBER OF INDICATIONS

Figure 5.5
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Figure 5-6

Suppon Plate Indicalion Progression in Farley-2 SGs
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Figure 57

Cold Leg TSP Corrosion Assessment in Farley-1
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Figure 5-¢

Farliey-1 RPC Characterization (November 1989)
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Figure 5-9

Farley-2 RPC Characterization (November 18980)
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PERCENTAGE CHANGE BETWEEN 1988 AND 1388

PERCENTAGE CHANGE BETWEEN 1989 AND 1997

Figure 510

Scarer Plot of Voliage Growth in Farley-1 for Last Two Cycles
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Figure 5-11
Scatter Plot of Voltage Growth In Farley-2 for Last Two Cycles
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Figure 512

Histogram and Cumulative Probability of Voltage Growth in Farley-1 for Last Two Cycles
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Figure 613

Histogram and Cumulative Probzbllity of Voltage Growth in Farley-2 for Last Two Cycles
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Figure 5-14
Cumulative Probability of Voltage Growth per EFPY for Farley Units 1 and! 2
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NUMBER OF OBSERVATIONS

Figure 515

Cumulative Probability of Vohage Growth per Cycle for Farley Units 1 ang 2
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Historical Average Voltage Growth Trends in Farley SGs

Figure 516
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8.0 FIELD EXPERIENCE SUMMARY: Pyued Tube, Plant Leakage and Inspection Data

This section identifies the field experience data from operating 8Gs that are utilized in
the developmaent of tube plugging criteria for ODSCC at TEPs. The field data utilized
include pulled tube examination results, occurrences of tube leakage for ODSCC
INdicalions at suppon plates and field inspection results for relatively large crack
Indications with no ide: ' dable leakape.

6.1 Utilization of Fiold Data in Tube Plugging Criteria

Operating 5G experience epresents the preferred source of data for the plugging
oriteria. Where the avallable operating daia are insufficient 1o fully define plugging
Uiteria, data oeveloped from laboralory Induced ODSCC specimens were used 1o
supptement the field data base. Table 6.1 summarizes the utilization of field and
laboratory tata 1o develop the tube plugging oriteria. The field data utiized for the
plugging critera are identified In this report section. Sections 7 10 11 describe the
development o' the laboratory date. The field and laboratory data are combined in
Sections § and 12 1o develop the tube plugging limits.

The overal approach to the tube plugging criteria is based upon establishing that R.G.
1.121 guidelines are satisfied. It Is conservatively assumed that the tube 1o TSP

crevices are open and that the TSPs are displaced under accident conditions such that the
QDECC generatad within the TSPs becomes free span degradation under accident
conditions. Under these assumptions, preventing excessive leakage and tube burst under
SLB conditions is required for piant safety. Tube rupture under hormal operating
conditions ts prevented by the constraint provided by the drilled hole TSPs with small

tube 1o TSP clearances (typically ~ 16 mil diametral clearance for open crevices). For

the plugging criteria, however, the R.G. 1.121 criteria for burst margh.s of 3 umes

normal operating pressure differentials are applied to define the structural

requirements against tube rupture.

In addition 1o providing marging against wbe burst, it ie necessary to iimit SLB leakage
1o scoeplable levels based on FSAR evaluations for radiclogical consequences under
accident conditions. Thus SLB leakage models are required for the plugging criteria in
addition to tube burst data.

Mwmomwoqm-mwmummmuuwoocmwm
integrity 1o NDE measurements, the primary data requirements for the plugging criteria
are the correlation of burst prussure capability and SLB leak rat 2s with bobbin coll
voltage. For plant operational considerations, It is desirable to minimize the potential
for operating leakage 1o svold forced outages. Thus an additonal objective Is 1o relate
bobbin coll voltage 1o operating leakage. The field data of th s section Indicate very low
leakage porential for ODSCC at TSPs even &t voltage ampli‘'udes much higher than the

plugging limits.
Within the above overall approach, fiek! data are utilized s follows:



A Pulled Tube Data

The tes! results for pulled tubes having had leak rate and burs! tests performed, such as
the three Fariey-2 tubes, are used directly in supporting the plugging limits, If
melaliographic data on the crack morphology is @vallable but leak/burs! tests were not
performed, *he orack depths and lengths were evaluated 1o assest the potential for
leakage and 1o estimate burs! pressure marging. Mowever, only tubes with measured
burs! pressure are used in the voltagedburst pressure cor olation. The pulied tube data
base is discuzeea in Section 6.2.

B.  Plant Leakage Experience for ODSCC ut TSPs

Domestic and International data for operating leakage within Westinghouse plants was
reviewed for identification of leakers atiributable to ODSCC at T8Ps. No occurrences o
dentifiable leakage due 1o ODSCC at TSPs were found in domestic units. Three
ocourrences were identified in European units. The latter dala (S¢o 6.3 below) together
with fiekd inspection dala are used 1o assess the potential for operating leakage at
pluging limits that meet tube burst and SLB leakage requirements.

C  Field inspaction Data for Tubes With No Ideniified Leakage

Itis shown in Section § that tubes with voltage levels up 10 about 6 - 7 volts meet the
requirements for burs! pressure margins under free ¢ pan burst conditions. Therefore
field Inspection data for indications above and bekw this voltage level, and with no
Kentified operating leakage, can be used 10 assess the potential for significar! operating
loakage.

The field data base for hems A, B and C are described in the following sections.

6.2 Pulled Tube Data Base

The avallable pulled tube data base for ODSCC at TSPs in Westinghouse SGs includes 29 |
pulied tubes for which 62 tube 1o TSP intersections have both NDE and destructive
examination results. This group Includes four tubes from Farlay-2 and one tube from

Farley-1 with one intersection destructively examined for each pulled tube. None of the

29 pulled tubes have been reporied as leakers during plant peration. The crack |
morphologies were reviewed for 14 tubes with TSP intersections having no leake e or

burst lest measurements. This review Indicates that no leakage would be expected for

these tubes even under SLB conditicns and that the burst pressures would excead 3 times
normal operating conditions. The fiekd eddy current data for all pulled tubes were

reviswed for voltage normalization consistent with the standard sdopled (see Sections

6.6, 8) for the plugging criterla development. Indications for 3/4 inch diameter tubing

were normalized 1o 4.0 volts in the 550 kMz channel and evalusted for the 5507100 kHz

mix,

Table 6.2 provides the leak rate and burst pressure data ‘or the 14 pulled tubes (30
intetsections) for which these tests were performed. The extensive pulled tube data
from Plant L were reevaluated 1o the eddy current data analysis guidelines of of Appendix
A o1 this report. This reevaluation is described in Appendix B. The leak rate and burst



10815 were conservatively performed as free span (without collars) tests. Also shown in
Ihe tabie are the estimated leak rates and burst pressure based upon the 81Us! Crack
morphology for Farley-2 tube R31C4E with the 7.2 volt Indication. The 1990

Faley-2 tube leakage tes's showed | I of leakage &t normal operating
conditions but these low values cannot be clearly separated from test system leakage.
The measured SLB leak rates are | J8. The pulled tubes in Table

6.2, with up 1o 10 volt indications, all show burst pressures for the test conditions
(room lemperature, as-buill material properties) in excess of 4380 psi, 3 imes the
normal operaling pressure diferential (adjusted for temperature, the 3 times normal
operating pressure differential equivalent is 6250 psi).

The pulied tube NDE data are shov/n in Figure 6-1 as bobbin ool voltage versus indicaied
depth. All pulled tube results at normal operating pressure differential represent no
leakage conditions while two small leakers at SLB conditions were found from Farey-2.
Figure 6-2 shows the same data plotted as voltage versus actual depth from destructive
examinstion,

Correlations of the bobbin coll phase angle based depth estimates with the maximum
depths from des’ructive examinations have shown an uncertainty of 15% for the Oepth
indications. The pulled tubes have typically shown one dominant axial crack network
with muttiple, small cracks around the tube circumterence. With multiple, large axial
crack networks around the tube circumierence, the bobbin coll depth uncertainty can be
larger than 15%.

Figure 6-2 shows that below 2.8 volis the maximum depths are dominantly less than
80% with & few indications uo to 98% depth. An occasional, very shorl, 100% through
wall indication, such as the 1.9 volt indication, could potentially occy: at these low
voltage levels although the pulied tube axamination results indicate that the associated
aaoklonmhoanbuwodbbohosmmwmuunbhbmmmmd
operating or SLB conditions. The smallest voltage found for & through wall crack In the
current pulled tube data base is 1.9 volis for 3/4 inch diameter tube R4CE1 as noted in
Table 6.2. Figure 6-3 shows the field bobbin and RPC data for this indication.

umswmm.nmmmmmmmmwmwm
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8! SLB conditions.

6.3 Operating Plant Leakage Data for ODSCC at TSPs

Table 6.3 summartzes the avallable information on three suspected tube leaks
attributable to CDSCC at TSPs In operating S8Gs. These leakers occurred In European
mummmmwbmmmmmmummmw
Cycle. In ihe iatter cage, five Jubes including the two with indicatons at TSPs were
suspected of contributig 1o the operating leakage. Leakape ior the two indications at
TSPs was obtairad by & fluoresceine leak test as no dripping was detected at 500 ps|
secondary sde pressure.

For ine Plant B-1 leakage indication, other tbe 3 also contributed to the approximately
63 gpd total leak rate. Heliur, laak tests ‘dentified other tubes leaking due to PWSCC



indications. Using relative heilum leak rates as a guide, It was judged that the leak rate
for the ODSCC indication was less than 10 gpd.

These leakage ovents indicate that limited leakage can ocour for indications above about
7.7 volts. No leakage at Fariey 1 or 2 has been found that could be atiributable to ODSCC
TSPy,

6.4 Plant Inspection Data for Tubes with No Identified Leakage

Additional guidance on the voltage levels at which significant operating leakage might be
mpecivd can be oblained from plant inspection results for tubes with lame indications
but nw identified tube leakage. Inspection results from 8 units were reviewed 10 identity
indications above about 1 volt with no suspected leakage. Data from this review are
shown in Figure 64. These data show a large number of indications below 6 volts and &
lew larger indications that can be associated with no leakage conditions. This is
consistent with the pulied tube results of Figure 6-1. Tha overall Fardey dats suppon
no operating leakage below about 10 volts even though the Farley pulled tubes indicate
shor, through wall crack penetrations,

65 RPC Data Considerations

Examples of RPC indications for the Farley SGs were given in Section 5. Although the
pulied tube data of Section 4 show multiple small cracks in additio - 1o the dominant one
or two cracks, the smaller cracks are typically 100 short and shaliow 10 be detecied. The
higher voltage crscks found in Farley SGs tend to be single, dominant nracks atthough a
second crack network can sometimes be found.

RPC inspections are required above 1.5 volts (See Section 12) 1o support the continued
presence of ODSCC as the dominant degradation mechanism. In addition, the daté obtaine:
MWWMWMMWMMmyMQW
correlated with RPC parameters. The RPC inspection results can be optionally applied 1o
verity the presence of the bobbin coll indication.

6.6 Vohage Renormalization for * ynate Calibrations

To Increase the supporting cita base, It s desirable 1o be able 1o renormalize avallable
data 1o the calibration values used in this report. When 4007100 kHz mix or 400 kMi
uumm»mAMuMmmm.mmmmnwum
forward rato of the calibration voltage values. However, when different frequencies are
used, the normalization ratio is phase angle or depth dependent and this nornalization
has been evalusted as described below.

Fa&uwﬂh&dmwm.wmmmmw
applying a normalization of 4.0 volts for the ASME 20% holes in the 550 kHz channe!
and evaluaied using 550/100 kHz mix. Westinghouse, under EPRI sponsorship, is
further evaluating atternate voltage normalizations for 3/4 inch tubing 1o compare with
the normalization adopted In this report for 7/8 inch tubing. Comparisons of responses

6.4



1o drilled holes and EDOM slots as well as burst cor . ations will be applied 1o adopt a 3/4
inch tubing voltage normalization for use in alternaie dugging criteria. Until this study
15 complete, 3/4 inch tubing tests are not used In the voltageburst correlation for 7/8
inch tubing appiied for Farley

The voltage normalizations applicable 10 the calibrations used in this report a e

ASME 4-hole, 100% deep, 0.033 £ 0.001 inch dia = 6.4 volts at 400/100 kM2
ASME 4-hole, 20% deep, ). 187 £ 0.003 inch dia. = 2.7€ volts at 400/100 kMz
ASME 4-hole, 20% deep, 0.157 £ 0.003 inch dia. = 4.00 volts at 400 kM2

"he through wall hole with tighmer than ASME hole 1olerance: has been selected as the
primary voltage normalization for application of the voltage plugging limits. The

through wall holes result in lower influence of manutacturing tolerances on the voltage
calibration than partial depth holes. Calibration at the 400/100 kMz mix used for data
evaluation is recommended 1o minimize potentiai uncertainties from normalization at
other than the evaluation frequency. The above calibrations can be applied 1o normalize
most of the «_mestic inspection results for 7/8 inch tubing

in France and Gelgium, & 240 kMz differential inspection is most commonly applied

Volage renormalization was evaluated by tebricating the French and Belgian standards
and comparing their procedure with that of this report. Results of this study are given

in Table 6.4. The U.S. 10 French vollage ratio was further evaluated using au.

Intercontrole probe commonly used by EdF and applying this probe as well as a domestic
probe to the calibration standard and 1o several mode! boiler specimens with ODSCC. The
results of this evaluation are given in Figure 6-5. These results show a consistent ratio
(within ~10%) for both probas and between calibration standards (solid symbnis) and
Mode! baller specimens with QLSCC. In Figure 6-5, phase angles of 30° and 100°
correspond 10 100% and 20% £.3ME hole deptns, respectively.

Giv 1 Table 6.4 and Figure 6-5, most bobbin coll voltagc measurements can be
ranormalized to the ca’ ution applied in this répon.

€.7  Comparisons With European Plant ingpection Resuhs

The pulled tube data described in Gection 6.2 and the field inspection results of Saction
6.4 were obtainad frc~ domestic and European plants that apply essentially the same

ve tage calibrauion standarnds and comparabie frequency mixes for indications at TSPs

T e operating experience data base van be Increased substantially by including plant data
fom French and Belgian plais. However, these plants utilize different vc..age
s;alibrations and frequencies tor TSP indications. To compare the domestic plant data
with these European data, the voltage ratios of Figure -5 (as a function of phase angle)
have been applied. However, any conversion factor involves some uncertainties as
indicated " Figure 6-5 because it depends on the Varying crack responses 1o different
frequencies as weli as procedural/environmental conditions. Recognizing uncertainties

in tho voltage conversion factors, comparisons with the European data are particularly
valuable for the tollowing comparisons:



0 Trends in indications and growth with time for equivalent voltages he her than
avauable in domestic plants which have applied 40% depth criteria for tube
plugging. None of the European data at higher equivaient voltages have had
dentifiable operating leakage so thess data substantially increase the high voltage
data base supporting negligible leakage for ODSCC at TSPs.

o Percentage growth in voltage from European plants can be used 10 assess growth rate
trends for equivalent voltages much higher than that avallable in domestic plants.

For these comparisons between domestic and European experience, the domestic data for
Farley-2 and Plant F are compared with French and Beigian data.

Risvbution of indications

Data for ODSCC at TSPs for French Unit H-1, 8G-1 are available for four successive
inspections with no tube plugging as shown in Figure 6-6. The upper figure shows the
number of indications versus voltage amplitude while the lower figiure shows the
percentage distribution of indications within each outage. Without tube plugging 1o

eli.ninate the larger indications, **  distribution becomes more heavily weighted at the
larger indications with Increasing Lperating time.

European data is currently available for French Units H-1 and J-1 and Belgian Unit

K-1. Itis useful 1o compare the percentage voltage distributions for these units with

the Farley-2 data and another domestic unit, Plant F. This is shown in Figure 6-7. The
lower figure is scaled 1o include all available data while the reduced scale of the upper
figure is included 1o emphasize the small votage range of the U.S. data compared 10 the
European data. Plant J-1 was excluded from the upper figure since breakdown of tha
data into small ranges was not available. It may be noted that over §7% of the domestic
data falls below 0.5 volts when normalized 10 the French procadure and none of this
comestic plant data falls above 1 volt. The French and Belgian dsta, on the other hand,
extends above 3 volts.

Overall, It s seen that the U.S. plants w’ 1 40¢ . 4epth plugging limits are operating
with voltage amplitudes notably lower ' .an that in European units.

The European units of Figure 6-7 with higher equivalent voltages have operated with no

entifiable operating leakage. This result indicates that operating leakage due to ODSCC
al TS5Ps is expected 10 be insignificant. This is supported by the fact thai only 3 cases of

small operating leakago, as shown in Table 6.3, have been identified to date.

Erench Pulled Tube Data

Fourteen tubes have been removed from French units with destructive er.amination
results currently avaliable. Figure 6-8 shows the crack momphology for a tube with a

0.7 voit (~3.7 U.S. volts) indication. The tube exams indicate many axiyl cracks of
comparable depth around the tube circumference. The cracks are dominantly CDSCC
with somewhat more IGA participation than seen in most domestic pulied tube data such
as the Farley data. The multipie crack networks would be expected to increase bobbin
coll woltage compared to one or only a few deep cracks as typical of the domestic data,




6.8 Comparisons of Voltage Response for ODSCC and IGA/SCT

Figure 6-9 shows the available pulled tube data piotted as bobbin coll voltage versus
maximum depth from destructive examination. The French and Belgian (Plant E) data

are included in the figure as well as * -+ “arley data. Solid symbols represent tubes with
crack morphologies reported 10 incluoe IGA/SCC. Open symbols are reporied to be ODSCC
w.th minor IGA. The Plant L data include both IGA/SCC and ODSCC crack morphologies «-
shown by the solid and open symbols. The separaiion of ODSCC and IGA/SCC is
judgemental for many Plant L tubes as minor IGA/SCC is present in 8 number of

indications. The Plant L indications identified as including IGA/SCC have voltage
amplitudes toward the highe: range of the data compared to ODSCC indications.

The French and Belgian data with IGA/SCC and multiple cracks show the trend toward
higher voltage amplitudes associated with these crack morphologies. The pulled tube
from plant M had IGA up to 26% deep with an amplitude of 1.8 volts which is high
compared to indications principally ODSCC al comparable depths. Three pulled tubes
from Plant N with eyg crate supports are aiso shown in Figure 3-6. The two indications
with IG A also support IGA response ai voltage levels comparabile 10 or higher than that
for equivalent depth ODSCC with minor IGA,

The ODSCC crack morphologies often show shon microcracks separated by uncorroded
ligaments. The maximum depths of a short microcrack in the overall macrocrack or
crack network are commonly deeper than the average crack depths which tend 10
dominate tube burst capabpility. This combination of deep microcracks in shallower
average macrocrack depths isads 10 a variation in .iaximum depth at a given votiage
amplitude. Voltage amplitudes therefore are not a function of maximum crack depths but
rather an Indicator of crack face area (length, average depth, ligaments).

Overall, the availabie pulled tube results show that IGA/SCC crack morphologies tend 1o
have as high or higher voltage amplitudes than associated with ODSCC morphologies at
equivalent depths. Detectability of IGA/SCC at TSP intersections can be expected 1o be
enhanced compared to ODSCC at equivalent depths. This trend is supported by the
domestic d#*a as well as the European data which show greater IGA/SCC invoivement than
the domestic data.

6.9 Growth Ratz vends

Of particular interes! 1o establishing the plugging limits of this report is voltage growth
rate as a function of the voltage amplitude. Current domestic plugging limits result in
littie data on growth rates in the range of volage amplitudes being evaluated for the
plugging limits of this report. The larger voltage ampiitudes of the European data
provide Quidance on growth rate progression. Figure 6-10 shows growth rate data for
Plant H-1 both as voltage amplitude and percentage growth as a function of vultage
amplitude. The data of Figure 6-10 tend to indicate percer age growth rates are not a
strong function of absoiute voliage amplitude. As generally expected, the spread in the
data at low amplitudes is greater than for larger voltages due 1o the greater influ~nce of
voitage uncertainties and measurement repeatability at low amphiudes.




Figures 6-11 and 6-12 compare the percentage growih rates per cycle between
domestic plants Farley-1, Farley-2 and Plant F with that for Plant H-1, Figure 6-11
shows the Individual data points while Figure 6-12 compares average growth rates and
standard deviations. The averages are displayed for different ranges of the initial
amplitude. The first range is 0 10 0.75 volts, the second range is 0.75 1o 2.5 volts and
the third is for initial amplitudes greater than 2.5 volts. in the case of the U.S. plants
there is very little data above 2.5 volt ampiitude; hence such data is included in the
second range. The French data (Flant H.1) indicate percent growth rate nearly
independesnt of itial amplitude whereas the domestic units display peroent growth rates
decreasing with increase in initial amplitude.

The domestic plants dominate the growth rate data of Figures 6-11 and 6-12 for low
amplitudes with the French data extending 10 larger amplitudes. The results indicate
that percentage growth rates are roughly comparable between domestic and European
plants. In the calculation of average growth rates, the negative growth rates (see Figure
6-11) were conservatively treated as ze'o growth rates. Ignoring the negative growth
rates blases the average growth by Including all positive but not all negative random
fluctuations. Part of the apparently larger number of negative voltage growth rates for
the domestic data may result from variations in calibration standards for the 20% depth
normalization which may be more sensitive o fabrication tolerances than the 100%
gepth normalization standards employed for the European data.

6.10 Field Data Conclusions

Tha following conclusions can be drawn from the field data described above:

1. Burst tests performed on pulled tubes. which t= dat: inciude signal levels up to 10
wolts, show burs! pressures exceeding 3 times normal operating pressure
differential, adjusted for operating temparature effect on material properties.

2. The pulled tube, leak rate test results indicate the potential for low |

K.

3. Pulied wbe examination results indicate that through wall cracks can potentially
occur below 10 volts but that the associated crack lengths are short with no
measurable leakage at operating conditions.

4. The smallest voltage identified for a through wall crack is 1.9 volts.

5. Leakage at operating conditions has not been identified for bobbin coll voltage below
| IV volts with only 1 indication of leakage below 13 volts.

6. Negligbie leakage is expected from ODSCC at TSP: based on domestic experience as
well as European experience with voltage amplitudes higher than the domestic
operating experience.
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Percent growth in voltage amplitude tends to be approxitnately independent of voliage
amplitude for the avalilable French data while decreasing with amplitude for the
domestic plants, including Farley. Assuming growth in voltage is independent of
amplitude appears 10 be very conservative for the Farley s,
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