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Two tubes were pulied from Plant A-2 in November, 1890 to provide direct suppon for these
oriteria. Testing on these pulied tubes Included leak rate tests, burst pressure 1ests and
destructive examinations 1o establish crack morphology. In addition, results of prior pulled
tube examinations from Plant A-1 and 2 and other plants have been used 10 suppor the tube
pluggir § criterla.

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

Summary of R Requirements against which the recommendec plugging criteria
are evaluated - ion 3

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

Review of Kewaunee eddy curren! inspection results including historical growth rate data
- Section §

Review of field experience from pulled tube data and plant leakage occurrences 1o define
the field data base which is supplemented by laboratory tests 10 oevelop the plugging
orifeda - Section 6

Preparation of cracked test specimens for non-destructive examination (NDE) and leak
testing in a model boller or doped steam environment for Inducing ODSCC cracks, or by
cyclic fatigue 1o produce cracks in the 1est samples - Section 7

NDE analysis guidelines,measurement uncenainties, and NDE inspection results for the
les! specimens based upon defined procedure and data analysis guidelines and including
sensitivity 10: probe manufacturer, open or packed crevices,  oe wear, elc. -Section 8

Burst and leak testing 10 relate the NDE para neters 1o burst pressure and SLB leak rates
- Section 9

Results of test specimen destructive examinations 1o assess prototypicality of sample tube
crack morphology and 1o characterize test specimen crack sizes and depths - Section 10

SLB evaluations 1o assess 18P displacements under SLB loads, plant requirements on SLB

leakage limits and a Cascription of the SLB leakage mode! - Section 11

Integration of the inspection and burst 1est results 10 develop the tube plugging criteria -
Section 12

The overall summary and conclusions for this repont are described in Section 2.
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20 SUMMARY AND CONCLULIONS

The report describes the technical support for tube plugging criteria for ODSCC at TEPs
applicable 1o the Kewaunee S/Gs. The plugging criteria are based upon use of bobbin coil (BC)
Inspection voltage amplitudes. These eddy current measurements are directly correlated 10 tube
Integrity issues | Jluding tube burst margins and the potential for tube leakage under postulated
a“cident conditions. Eddy current and leak rate measurements from pulled tubes and laboratory
cracked specimens as well as field data have been used 1o correlate voltage plugging limits to
leakage potential and tube burst margins. Regulatory Guide 1.121 for tube integrity guidelines
as well as the General Desig, ~ Criteria are shown 10 be satisfied by the tube plugging criteria of

this repon.

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

2.1 Overall Conclusions

The general approach taken 10 develop the tube plugging criteria for ODSCC at TSPs includes:

1) Specifying conservative burst correlations based on free span ODSCC under design basis
accident conditions 1o demon~t'ate siructural Integrity.

2)  Conservatively assuming open crevice onditions 10 maximize leakage potential.

3)  Galttving the R.G. 1,121 structural guidelines for tube burst margins by establishing a
coniers aive structural imit on voltage amplitude that assures 3 times normal operating
-8 v cifferential for tube burs! capability.

4 oweying the updated safety analysis report (USAR) requirements for allowable leakage
v Zar accident conditions by demonstrating . iat the dose rate assoc 1led with potential
loakuge from tubes remaining in service is a small fraction of 10 CFR 100 limits

§)  Including considerations for crack growth and NDE uncertainties in both the structural
assessment and SLB leakage analysis.

€)  Specifying a requirement to perform 100% BC inspection for all hot leg TEP intersections
and all cold ieg intersections down 1o the lowes! cold 'eg TEP where ODSCC indic ations have
been identified.

The resulting tube plugging criteria for ODSCC at TSPs in Kewaunee S/Gs can be summarized as
follows

Tube Plugging Criterion

Tubes with bobbin coll indications within the TSPs exceeding 3.5 volts will be plugged or
repaired.




SLB Leakage Criterion

Predicted SLB leak rates from ODSCC at T8Ps for the tuwes left in servic must be k &8 than 260
opm for each §/G, including considerations for NDE uncertairties and ODSCC o' v rates

Inspection Requirements

A 100% bobbin coll Inspection shall be performed for all hot leg TSP intersections und all cold
log intersections down 1o the lowes! cold leg TSP with ODSCC Indications.

All tubes with bobhin coll indications »1.5 volts at TSP intersections shall be inspected using

RPC probes. The RPC results shall be evaluated 1o suppon ODSCC as the dominant doradaiion
mechanism. Indications at T8Ps contirmed 1o be ODSCC shall be reinspested by RPC auring
allernate refueling outages for reconfirmation as ODSCC,

Qperating Leakage Limits.

Plant shutdown will be implemented it normal operating leakage exveeds 150 gpd per S/G.

Exglusions from Tube Plugging Criterion

Tubes with RPC indications not attributable 10 ODSCC or with circumterential indications shali
be evaluated for 1ube plugging basad on a 50% eddy curren! indicated depth limit.

Although the tube plugging guidelines of R.G, 1.121 are used 1o establish tube plugging limits,
the potential for tube burst at SLB conditions is shown 10 be negligible based on both
deterministic crack length considerations anc orobabillity estimates. The burst pressure versus
crack length correlation utilizing the Belgian burst data (EPRI NP-6864-1) developed under
prototypic flow conditions show that a through wall crack length of 0.84 inch is required for

tube burst at SLB pressure differentials. This crack length ex:eeds the 0.76 inch TSP thickness
which bounds the potential crack lengths for ODSCC at TSPs, Consequently, tube burst for ODSCC
is essentially precluded by the orack length limit. More over, an allernate assessment was
performed by considering the probabilities associated with a limiting EOC (end of cycle) voltage
including growth and comparing with the probabliity of tube burst at the limiting EOC voltage
amplitudes. This analysis shows that an indication leh in service at the tube plugging limit
would have a probability of burst at SLB conditions of ~5x10°7 per “yole. This value does not
include the probability of an SLB event oceuring; hence the actual burst probability (combined
probability of SLB and burst) would be further reduced. Thus tube burs! is not a significant
conicern for & lication of the plugging limits for ODSCC at TSPs. The use of free span burst
pressure criteria 1o establish tube plugging limits t'ius leads 1o very conservative plugging

limits.

2.2 Summary

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

Begulatory Requirements

0 Tube integrity acceptance criteria for S/G tubes are defined in Regulatory Guide 1.121 and



General Design Criteria. For tubes with through wall cracks, these criteria establish
guidelines for tube burst margins and operaling leakage limits. The tube plugging limits of
this report are developed to demonstrate that these guidelines are inet.

U8/ R accident a alyses include tube leak rates utilized 10 show acceptable radiological
consequences. A limiting accident cordition leak rate of 260 gpm per 8/G in an SLB event
was developed 10 meet site boundary dosage limits. At each outage, projecied potential SLB
leak is determined for tubes left in service to demonsirate satistaction of the 260 gpm

leakage limit.

Bulled Tubes from Plant A S/Gs

Two tubes pulled from Plant A-2 In 1980 and one tube pulled in 1986 (examined in 1991)
have been leak and burst tested 10 support the tube plugging criteria. Prior Plant A pulled
tubes with significant cracks include one additional tube from Unit 2 and one hom Unit 1,
These tubes had crack depths exceeding 60% and voltages ranging from 0.3 10 9.9 volts
Three tubes having voltages ranging from 2.8 to 9.9 volts had shont through wa'l
indications. Nor.e of these tubes were identifiable as leakers in service. Nine additional
Plant A-2 TGP intersecticns from 3 tubes were destructively examined and found 1o have
insignificant (<22% depth) degradation.

Two of the five Plant A tubes with significant Indications had bobbin coll amplitudes of 2.8
and 9.9 volts, indicated depths of 82% and B6% and through wall crack lengths of 0.18 and
0.16 inch, respectively. Laboratory 1ests 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 gpd).

Two of the five Plant A tubes at 1.44 and 7.2 volts with bobbin coil indicated dept™s of 68%
and 83% had actual crack depths of 78% and 100% (0.02* through wall crack length),
respactively. The tube with the 1.44 volt indication was leak tested with no leakage at
normal operating and SLB conditions. it can be inferrea from the crack morphology that the
tube with the 7.2 volt indication would not have measurable leakage even at SLB conditions.

Free span burst pressures for the Plant A pulled tubes exceeded 5900 psi and thus exceed
Reg. Guide 1.121 guidelines 1.1 3 imes normal operating pressure ditferentials (4590
psi) on a temperature and minimum property adjusied basis.

Atotal of 14 TSP inters ctions from 8 tubes have been examined for TSP degradation. The
tube pulls occurred between 1985 and 1990 ODSCC was the dominant degradation
mechanism in all cases. Only one of the tube exam results showed significant

inter-granular attack (/GA) involveraent.

Pulled Tubes from Owher §/Gs

0

In addition 1o the 8 tubes pulied from Plant A, the overall pulled tube data base includes 15
pulied tubes with 40 tube to TSP intersections that have both NDE and destructive
examination results. The bobbin coil indications for these tubes range from 0.1 10 2.3 volts
with indicated depths up to 88%. One tube with a 1.9 volt indication had a through wall

crack, 0.01" long. None of these iwues would be expected to leak even al SLB conditions and
all would have free span burst pressures that satisty Reg. Guide 1.121 acceptance criteria.






Average growth rates of indications at TSP locations over the last operating cycle were 0.09
volt and 0 01 voli respectively in Kewaunoce $/Gs A and B. These average values were
calculated by treatinn negative voltage growihs as zero growth. Conservative voltage growth
rate over the last operating cycle was £% (both $/Gs combined).

A number of tube/TSP intersections were tested using RPC during the 1991 Kewaunee
inspection. Review of the overall RPC data suggests that the suppon plate indications are
axial ODSCC signals. This conclusion is valid for the hot leg indications and the relatively
large number of cold leg indications observed at Kewaunee.

A review the Kewaunee eddy current data shows evidence of guneral corrosion of the support
plate holes. However, the data does not support the presence of large amounts of magnelite
in the crevices. Tiis is also supported by the lack of dent indications at TSP intersections.

ISP Displacement Under SLB Loads

Under SLB loading conditions, axial displacement of the TSPs with respect 1o the tube can
occur therepy exposing the CDSCC from within the crevice. Incipient denting and dented
conditions at TSP intersections, if present, would prevent TSP displacement under SLB
conditions. Conservative analysis assumptions, such as no friction which also ignores the
TSP 1o wedge 1o wrapper contact forces, lead 10 overest..nates of the TSP displacements.
Given these assumptions, it could rot be assured that the TSPs would envelope the ODSCC at
the times cf increasing primary 10 secondary pressure differentials in an SLB event.

Therefore, the Kewaunee plugging criterion described in this report is based upon
conservatively treating ODECC within TSP crevices as free span degradation.

Ereparation of Cracked Specimens

Samples cracked due to CDSCC in model boilers with simulated TSP intersections have been
found to produce crack morphclogies and leak rates typical of field experience. This method
of sample preparation is used for development of the tube plugging limits.

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

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

0

Bobbin coil measurements or laboratory prepared uniform IGA specimens show voltage
amplitudes exceeding 1-2 voits for ~30% IGA depth. These results s..port the field data
trends indicating IGA and IGA/SCC detectability at comparable voltage levels to that found for
SCC.



The NDE program applied 1o lahoratory specimens included sensitivity comparisons for
probes manutactured 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 a 400/100 kHz mix for
analysis. However, each of the probes can have different trequency response

characteristics. This 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 Kewaunee §/G inspections. Probe centering uncertainty has been
found 10 be <5% tfor "new", unworn probes based on results of EC tests performed in &
horizontal position (arientation) of a specimen with EDM notches (notches at the top or
botiom).

The bobbin coil 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 scatter of about 10%. Thus the presence of magnetite does not significantly
influence the bobbin coil voltage measurements.

An example typical of field experience for which the environment (residua! TSP, small dent
responses) can rmask or distort the indication response was found in one test specimen.
When the amplitude response grew from 0.3 10 0.7 volts after leak testing and handling, the
indication could be readily detected. These small responses, which are masked by
environinental tactors in operating S/Gs (as shown by pulled tube results) do not impact the
serviceability of the S/G, as the indications are small compared (o the plugging limits of this
repon.

Voltage calibrations for diferent ASME standards were compared against the laboratory
standard used in this program. Variations up to 18% were identified. Pending
incorporation of a voltage verification requirement in ASME standard certifications, an
ASME standard calibrated agains! the laboratory standard w.| be utilized in Kewaunee S/G
inspections for consistent voltage normalization.

Bobbin coll probe wear sensitivity tests were performed by varying the diameter of the

probe centering devices to determine changes in voltage and depth responses agairst a 4 hole
standard. The tes! results indicate that probe wear typical of field inspections laads to

voltage variations of [ ]@ between the 4 holes staggered around the tube circumference.
To limit uncentainties associated with probe wear, a four staggered hole standard will be
implemented in Kewaunee S/G inspections. If voltage amplitudes between the 4 holes differ
by more than | ]3, the probe will be replaced. Pending additional field experience with

the probe wear standard, the NDE uncertainty for probe wear has been increased 1o 20%.

The variables affecting the voltage burst correlation can be split into NDE uncertainties and
burst correlation uncertainties. The NDE uncertainty represents the repeatability of a
voltage measurement and is dominated by probe centering variations as a result of probe
wear. Minimizing the uncertainty on repeatability of voltage measurements reduces the
spread or uncertainty in the burst correlation. The remaining voltage measurement
uncertainties contribute o the burst pressure correlation uncertainty and influence
plugging limits through use of the lower 95% cenfidence level on the voltage/burst
correlation to establish the voltage plugging limits.



Leak Rate and Tube Burst Testing

Leak rates at normal operating and SLB conditions have been measured for 29 model boller
specimens with voltage levels as high as 137 volts. Overall, the model boller data indicate
that[ |9 vol indications are required for significant (»10 ond) operating leakage.

Burst pressure tests were performed for 27 model boller specimens and 13 intersections
from 8 pulled tubes. Tha mudel boiler and pulled tube burst pressure measuremants were
combined 1o develop a corelation of burst pressure versus bobbin coil vollage. This
cerrelation was reduced for operating temperatures and minimum material properties 10
determine the voltage amplitude that satisfies the R.G. 1.121 structural guidelines for burst
capability of 3 times normal uperating pressure ditferentia’s  The results evaluated at the
lower 95% prediction interval define a|  ]¥ volt amplitude for the structural limit on

lube burst margins. Although the high voltage datu base is small, the burgt correlations
indicate thata [ 9 volt ODSCC crack wouid meet the SLB burst pressure requirement of
2650 psi at the lowar 85% confidence level.

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

The morel boiler and p lled tube leak rate moasurements have been applied to define a
correlation of SLB leak rate to bobbin coii voltage. This correlation, including defined
uncertainty levels, is used to zalculate potential SLB leakage for tubes returned 10 service
following an outage.

Leak rates for the 3 mode! boiler tubes tested with magnetite packed crevices that showed
some leakage, had increased leak rctes after the magretite was removed from the crevice.

Lei." rates were also measured for 11 tubes with incipient denting and dented conditions,
average dent sizes less 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 o1 SLB conditions even
though open crevice leakage for the 0.7 inch fatigue cracks would exceed 1000 gpd. The [

|9 at norm.al cperating and SLB
conditions, respectively, had a 0.5 inch long fatigue crack and an avarage deni size of <0.2
mils,

Specimen Destructive Examinations

o

Destructive examinations of the mode! boiler specimens show crack morphologies typical of
the pulled tube experience. Destructive examinations were performed on model boiler
specimens following burst 1esting to characterize the cracks associated with typical voliage
levels and leak rates.

Cestructive examination of a laboratory induced dent specimen has shown corrosion product
layars that are relatively dense and leakage paths that are highly tortuous which is
consistent with the negligible leakage found for dented tube conditions.

Vi Blusing i

o

The pulled tube and model boiler leak rate and burst data together with field leakage
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experiance and field inspaction results have been used 10 relate bobbin coll voltage 10 tube
integrity 10 define tube plugging limits.

The burs! pressure versus voltage corelation defines a voltage of | )3 volts for the
stiuctural limit 1o meet R.G. 1.121 burst marging  The voltage structural limit is reduced
by conservative allowances ¢! 20% for NDE ur.centainties anu 40% tor crack growth 1o
obtain a tube plugging limit of 3.5 volts.

An ELB Inakage model is defined ior demonstrating that projected SLB leakage from tubes lefi
in servico is less than the allowable 260 gpm per steam generator, The SLB leakage model

is a probabliisiic model that combines an inspection determined distribution for voltage
indications, voltage growth rate distributions, eddy current unceriainties and a leak rate

versus votage formulation * obtain the projected cumulative EOC SLB leak rate for all
indications left ' service. if the plugging criteria and SLE Ieakage model are applied 1o the
last Kewaunee inspaction results. the projected SLB leakage for the end of the next cycle
would be 0.1 gpm.

RPC inspection for indications above 1.5 volts is required 10 establish thai the more
significant indications are ODSCC. The 1.5 volt threshold for RPC inspection provides a
Mreshoki vaiue below which non-COSCC indications would be acceptable for continued
operation and SLB leakage is expacted 1o be negligible.

An operating leakage limit of 15C gpd has been established > provide for detection of a rogue
crack which could leak at much higher SLB leak rates than used In the criteria limits. The

150 gpd limit permits detection of a through wall crack of about | ]2 inch for nominal

leak rates and about [  J® inch for lower 2 o (standard deviation) leak rates.

To enhance consistency of the field EC inspection guidelines with the data base used to develop
the plugging limits, the Kewaunee inspections will include: use of an ASME standard

Calibrated against the laboratory standard; uee of o staggered 4-hole standard 10 assess

probe wear effacts and normalization of voltages to 5.4 volts for 400/100 kHz (support

plate -- Mix.1) on the four 100% ASME holes.



3.0 REGULATORY REQUIREMENTS
3.1 General Design Criteria

The eddy current voltage based plugging criteria, which establishes a basis for removing tubes
from service experiencing outside diameter stress corrosion cracking (SCC) occurring at tube
suppont plate intersections in the Kewaunee steam generators, have been developed to ensure
compliance with the applicable General Design Criteria of Appendix A of Part 50 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,

GDC 2. Design Basis for Protection Against Natural Phenomena, requires that structures,

systems and components important 1o safety be designed 1o withstand the effects of earthquakes in
combinations with the effects of design basis loadings without loss of safety function.

GRC 4, Environmenial and Missile Desian Bases, requires that structures, systems, and

components important 10 safety are designed 10 accommodate the effects of and 10 be compatible
with the enviranmental conditions associated with normal operation, maintenance, testing, and
postulated accident condition leadings, inciuding loss-of-cooiant accidents.

, fequires the reactor coclant pressure boundary 10
be designed, fabricated, erected, and tested so as 10 have an extremnaly low probability of
abnormal leakage, of rapidly propagating to failure, and of gross rupture.

GDC 15, Reactor Coolant System Design, requires the reactor coolant system and associated

auxiliary, control, and protection systems 1o be designed with sufficient margin to assure the
design margins of the reactor coolant pressure boundary are not exceeded during any condition of
normal operation, including anticipated operating occurrences.

, requires that the
reactor coolant pressure boundary shall be designed with sumclem maroin to ensure that when
stressed under operatic g, maintenance, testing, and postulated accident condition loadings, the
boundary behaves in a nonbrittle manner and the probability of a rapidly propagating fracture ic
minimized.

g Boundary, requires that components that are
pan of the rnctor coolam pressura boundary be desugned to permit periodic 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
for the Kewaunee stearn generators.



3.2 Regulatory Guide 1.121

Background

R.G. 1.121, "Bases for Plugging Degraded PWR Steam Generator Tubes" issued for comment in
August of 1876, describes a method acceptable 10 the NRC staff for meeting GDCs 14, 15, 31, and
32 by reducing the probability and consequences of steam generator tube rupture through
determining the limiting safe conditions of degradation of steam generator tubing, beyond which
tubes with unacceptable cracking, a. established by inservice inspection, should be removed
from service by plugging. The recommended plugging criteria for the tube support plate
elevation OD SCC occurring in the Kewaunee steam generators may result in tubes with both
partial through-wall and through-wall (non-leaking) cracks being returned to service. In the
limiting case, the presence of a through-wall crack alone is not reason enough to remove a tube
from service. The regulatory basis for leaving through-wall cracks in service in the Kewaunee
slearn generators is provided below:.

Steamn generator “tube fallure” is defined by the NRC within RG 1.83 as the ful! penetration of

the primary pressure boundary with subsequent leakage. Consistent with this definition, upon
~the implementation of the tube plugging criteria of this report, known leaking tubes will be
.Temoved from service from the Kewaunee steam generators. Steam generator tube bundle leak
Wlightness will be re-established by conducting 100% bobbin coil inspection of the S/G tubes.
=The tube plugging criteria of this report are established such that operational leakage is not
i“inticipated.

he NRC defines steam generator tube rupture within RG 1.121 as any periurailon of the tube
¥ ¥ssure boundary accompanied by a flow of fluid either from the primary to secondary side of
. 1@ steam generator or vice versa, depending or the differential pressure condition. As stated
within the regulatory guide, the rupture of a number of sing's tube wall barriers between
primary and secondary fluid has safety 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, 1976) to provide information to the Atomic Safety ana Licensing Board
(ASLB) on the plans for measures to reasonably assure steam generator tube integrity under
oparating conditions including off-nominal and accident condition loadings at Kewaunee, the
following definition of loss of stearn generator tube integrity was provided. Loss of steam
generator tube integrity means loss of “leakage integrity*. Loss of “leakage integrity" is defined
as the degree of degradation by a through-wall crack penetration of a tube wall membrane that
can adversely affect the margin of safety leading to "tube failure”, burst, or collapse during
normal operation and in the event ¢f postulated accidents. Acceptable service in terms of tube
integrity limits the allowable primary to secondary leakage rate during normal operating
conditio..s, and assures that the consequences of postulated accidents would be well within the
guidelines of 10CFR100. In order to assure steam generaiar tube integrity is not educed below
a level acceptabla for adequate margins of saiety, the NRC sta¥ position focused on specific
criteria for limiting conditions of operation. These include:

1. Secondary Water Monitoring

2. Primary-to-Secondary tube leakage

3. Steam Generator Tube Surveillance

4. Steam Generator Tube Plugging Criteria



Tubes with through-wall cracks will maintain “leakage integrity" and are acceptable for
continued operation if the extent of cracking can be shown to meet the following RG 1.121
criteria:

1. Tubes are demonstrated 1o maintain a factor of safety of 3 against failure for bursting under
normal operating pressure differential.

2. Tubes are demonsirated to maintain adequate margin against tube failure under postulated
accident condition loadings (combined with the effects of SSE loadings) and the loadings required
to initiate propagation of the largest longitudinal crack resulting in tube rupture. All

hydrodynamic and flow induced forces are 1o be considered in the analysis 1o determine
acceptable tube wall penetration of cracking.

3. Aprimary-to-seconcary leakage limit under normal operating conditions is set in the plant
technical specifications which is less than the leakage rate determined theoretically or
experimentally from the largest single permissible longitudinal crack. This action would ansure
orderly plant shutdown and allow sutficient time for remedial action(s) if the crack size
Increases beyond the permissible limit during service.

The voltage based plugging criteria for indications at tube support plate elevations discussed in
this report are snown to meet all of the necessary acceptance criteria.

3.3 Steam Generator Tube Deformation Discussion

in addressing the combined effscts of the LOCA and SSE loadings (as required by GDC 2) on the
steam gefierator component, |

o

This issue has been addressed for tie Kewaunee steam generators through the application of
leak-betore-break principles to the primary loop piping. A detailed leak before break analysis
has been performed for Kewaunee. Based on the results, it is concluded that the
leak-before-break methodolcgy (as permitted by GDC 4) is applicable to the Kewaunee reactor
coolant system primary loops and, thus, the probability of breaks in the primary bhop 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 also assessed and found to be of insufficient magnitude to result in steam generator tube
collapse. Using results from recent tests and analysis programs (discussed more fully in section



11.2), it has also been shown that no tubes will undergoe permanent deformation where the
change in diameter exceeds 0.025 inch. Although specific leakage data is not avallat'e, it is
Judged that deformations of this magnitude will not lead 1o significant tube leakage. On this basis

no tubes need to be excluded from the APC for reasons of deformation resulting from combined
LOCA + SSE loading.



4.0 PULLED TUBE EXAMINATIONS
41 General Tube Pull Results at Support Plate Locations

The type of intergranular corrosion with regard 1o crack morphology and density (number,

length, depth) of cracks can influence the structural integrity of the tube and the eddy current
response of the Indicatiors. For support of tube plugging criteria, the emphasis for destructive
examination is placed upon characterizing the morphology (SCC, iGA ir olvement), the number
of cracks, and characterization of the largest crack networks with regard to length, depth and
remaining ligaments between cracks. These crack details support interpretation of structural
parameters such as leak rates and burst pressure, and of eddy current parameters such as
measured voltage, depth and crack lengths with the goal of improving structural and eddy current
evaluations of tube degradation. In selective cases, such as the 1930 Plant A-2 pulled tubes, the
pulled tube evaluations included leak rate and burst pressure measure nents for further support
of the integrity and plugging limit evaluations.

411 Types of OD Corrosion Degradation Observed at Support Plate Crevice Locations

Intergranular corrosion morphology can vary from IGA to SCC to combinations of the two. IGA
(Inter Gre wlar Attack) is defined as a three dimensional corrosion degradation of grain

bounda.ies. The radial dimension has a relatively constant value when viewed from different

axial and circumferential coordinates. IGA can occur in isolated patches or as extensive networks
which may encompass the entire circumterential dimension within the concentrating crevice.

The growth of IGA is relatively stress independent. IGSCC (Intergranular Stress Corrosion
Cracking) is defined as a two dimensional corrosion degradation of grain boundaries that is more
stress denandent than IGA. (Transgranular SCC in Allov 600, caused by exposures to lead (Pb)
environments, has only been rarely observed in the field at support plate crevice locations.)

IGSCC is typically observed in the axial-radial plane in steam generator tubing, but can occur in

the circurnferential-radial plane or in combinations of the two planes. The IGSCC can occur as a
single two dimensional crack, or it can occur with branches coming off the main plane. Both of

the IGSCC variations ca.1 occur with minor to major components of IGA. The IGA component can
occur simply as an IGA pase on the tube OD with SCC protruding through the IGA base or the SCC
plane may have a IGA degradation along the crack plane, independent of any surface IGA. Based on
laboratory corrosion tests, it is believed that the latter, SCC protrusions with IGA components

along the crack plane grow at rates similar to that of SCC, as opposad to the slower rates usually
associated with only IGA. When IGSCC and IGA are both present, the IGSCC will penetrate through
wall first and provide the leak path. The density of cracking can vary from one single large

crack (usually a macrocrack composed of many microcracks which nucleated along a line that has
only a very small width and which then grew together by intergranular corrosion) to hundreds

of very short microcracks that may have partially linked together 1o form dozens of larger
macrocracks. Note that in cases where a very high density of cracks are present (usually axial
cracks) that also have significant IGA components, then the outer surtace of the tube (crack

origin surface) can ferm regions with effective three dimensional IGA. Axial deformations of the
tube may then cause circumlferential appearing openings on the outer suiface of the tube within

the three dimensional network of iGA; the networks are sometimes mistakenly referred to as
circumferential cracks. The axial cracks will still be :he deeper and the dominant degradation,

as compared 1o the IGA.



As described in Sections 4.2 and 4.3, the Plant A tubes examined show dominantly SCC crack
networks with I” * components that vary from minor to, in one case, significant.” The larger
eddy current .. dics... “ns for the 1990 pulled tubes are principally related to the single, large
macrocrack found for these tubes.

412 Through Wall SCC at Support Plate Crevice Locations

The following presents OD intergranular corrosion data a* support plate intersection locations on
steam generator tubes which have experienced through wall corrosion. The latest results for the
1990 examination of through wall cracks at the support plate locations at Plant A-2, however,
are presented in Section 4.2.

OD origin, axially oriented, intergranular stress corrosion cracks were observed confined
entirely within the first support crevice region on hot leg tube R31-C46, removed in 1986

from Steam Generator C of Plant A-2. Destructive examination was confined to half of the tube
circumference (the half with a single axial NDE indication). The main crack, composed of at
least four microcracks which grew together, was 0.52 inch long and was through wall for
approximately 0.02 inch. The morphology of the individual microcracks was branched SCC with
moderate IGA components to the SCC. Figure 4-1 shows a sketch of SEM (scanning electron
microscope) fractographic results of the main crack (only the mid to upper poriton of the crack
was examined) and a sketch of the overall crack distribution observed within the support plate
crevice region. Figure 4-2 shows a skelch of the crack istribution (a composite of two
transverse metaliographic sections) and depth as viewed by metallography as well as a
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 smaller axial cracks were
observed at other circumferential positions on the half-circumterence section examined.

Field eddy c../ent probe inspection (in April 1986, just prior to 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 channel. Voltage renormalization (see Section 6.6) 1o the calibration standards
of this report yieids 7.2 volts for this indication.

OD origin, axially orientated, intergranular stress corrosion cracks were obscrved confined
entirely within the fifth support plate crevice region on the hot leg sid”. or tube R4-C61 from
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

*  To provide some yuantification of the terms minor. moderate and significant with respect to
the degree that IGA is found in association with SCC that has IGA components along the crack
plane, the SCC crack depth and IGA widths are used as follows. The depth (D) of the crack and
the width (W) of the IGA at the mid-depth of the crack are measured and the ratio (D/'W) of
these values determined. "Minor" IGA components is defined as having a D/W ratio of greater
than 20, "moderate” as having a D/W ratio between 3 and 20, and "significant" as having a
D/W ratio of less than 3.



metaliography. The macrocrack was 0.4 inch long and through wall for 0.01 inch. However, the
orack was nearly (effectively) through wall 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 90% of the length of the

led jes). Since no metallography was performed on the axial cracks, it is not possible 1o
definitively describe the axial crack morphology at this location. At the eighth support plate
region of the same tube, metallography showed that the morphology was that of SCC wich a crack
depth to IGA width ratio (D/W) of 15. Figure 4-3 summarizes the crack distribution and
morphology data for the fifth support plate crevice region.

In addition to the QD origin axial macrocracks observed at the fifth support plate region, five

local areas had circumferential intergranular corrosion. The maximum penetratior nbserved

for the circumferential cracking was 46% through wall. Tne morphology of the circumterential
cracking was more that of IGA patches than of SCC. Figure 4-4 provides micrographs of relevant
cracks showing the morphology of axial and circumferential cracks. As stated above, the axial
cracks had a morphology 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 rauo of 1.

Field eddy current bobbin probe inspection (in June 1989, just prior 10 the tube pull) of the
fifth support piate crevice region produced a 1.9 volt, 74% deep indication in the 550/100 kHz
differential mix.

4.2 Plant A-2 1890 Tube Pull Results at TSP Locations

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

NRE Testing

Laboratory eddy current testing was performea using 0.720 inch diameter bobbin and RPC
probes. RPC results showed a main axial indication within the support plate crevice region oi
tube R4-C73. The length of the signal was 0.44 inch and the depth was estimated as 77 10 82%
deep based on an ASME drilled hole standard. In ddition to the main signal, a less intense RPC
signal was observed parallel to 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 to be 76 1o 81% deep. Tube R38-C46 had a 90% deep
RPC signal that was 0.4 inches long. Note that this tube was elongated during the tube pull. As
consequence of the reduced OD dimension, a 0.69 inch diameter RPC probe was used.

Laboratory bobbin probe examination of tubes R4-C73 an J 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 10 insert the probe into the tube). The other was a 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 ware 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 positic - ad horizontally. In addition, multiple passes were made






a simulated steam line break (SLB) leak test was performed using the same system. For the SLB
test, the primary pressure was increased 1o 3050 psi and the secondary side pressure was
decreased 10 400 psi resulting in a pressure differential of 2650 psi.

Leak test data are presented in Table 4.2. Results from the SLB test 2re considered reliable. The
measured SLB leak rates were |

’ )9 and no leakage for tube R38-C46. These values are considerably below the
maximum leak rate capability of the system, estimated to be approximately 2 Vhr based on a
test with the test specimen removed. Results for the normal operating conditions are considered
to be less accurate. The observed leak rate for tube R4-C73 was |

)9 for tube R21-C22. No leakage was observed for tube R38-C46.

These rates include any overflows from the back pressure regulator (BPR). Leakage through the
BPR was encountered, especially with the testing of tube R21-C22. The BPR may have
contributed 1o the entire amount of leakage observed' for the normal operating condition tes!.
While this amount of overflow from the BPR is small in comparison 1o the SLB test le ak rates, it
Is very large In coinparison to potential leak rates from t+; norma! operating conditions 1ast.
Consequently, the normal operating condition leak rate . the lower end of potential leak rates for
these specimens should be considered zero. The upper value presented, at least for tube
R21-C22, probably includes significant contributions from the BPR.

Room temperature burst tests were performed on the two specimens following leak testing. The
specimens were pressurized with water at a pressurization rate of approximately 1000 psi'sec.
Tygon tubing internal bladders were inserted into the specimens 1o permit testing with their
through wall corrosion cracks. No support plate restraints were placed on the specimens.
Consequentiy, the burst nressures measured may be lower than would be observed in the
presence of a support plate.

The first support plate region of tube R4-C73 burst at | 19 psi, the first suppon plate
region of tube R21-C22 burst at | 19 psi, and the first support plate region of tube
R38-C46 burst at | 19 psi. Tabie 4.2 presents this data as well as other burst data
characterizing the specimens.

o i2ation of the Corrosion &

Figure 4-5 shows a sketch of the SEM fractographic observations on the burst fracture tace of
the first support plate region of tube R4-C73. Within the center of the burst opening, a 0.42 .
inch long OD origin macrocrack was observed. The macrocrack was located at an orientation

Prior 1o initiation of the ieak tests, the specimen fittings were tested 1o verity that they were
leak tight. The fittings wero tested by pressurizing the specimens with 500 to 600 pai air

and holding the specimens and their fittings under water. No fitting leaks were observed.

The R4-C73 specimen was observed to leak air bubbles at the location of the support plate at
a pressure of 500 psi air. The R21-C22 specimen did not leak air bubbles at a pressure of
600 psi. Consequently, it is believed reasonable that the normal onerating leak rate for tube

k R21-C22 should be lower than that for tube R4-C73. This would also be consisteni with the
SLB Ileak resuits.

** In the orientation system used, 0° faces the steam generator divider plate and 90° is
clockwise of 0° when looking in the primary flow (up) direction.




of 20° and was entirely confined 1o within the support plate crevice region. It had only
intergranular corrosion features. The macrocrack was composed of four microcracks, all of
which had joined together by intergranular corrosion. The crack was through wall for 0.18

inch. A parallel axial macrocrack was ohserved near 40°. It was 0.46 inch long and up 1o 69%
through wall. In addition, nurmerous short axial cracks were observed at various locations

within the crevice region. The depth of these shon cracks ranged from minor penetrations 10
34%. Figure 4-5 also provides a sketch estimating the crack distribution within the support

plate crevice region as well as a description of the crack morphology of the main macrocrack.
Figure 4-6 provides a sketch of the crack distribution and depth within the center of the suppon
plate crevice region as determined by metaliography. The main crack morphology was that of
SCC with moderate IGA components (D/W « 4). The width of IGA surrounding the SCC is
estimated 1o be approximately 0.012 inch, except at the OD surtace where the widih was larger.
Other cracks tended 1o have less IGA compor.ents. Figure 4-7 provides micrographs showing
both the main crack morphology as well as the crack morphology of ono of the lesser cracks. The
morphology of the latter crack, which has been opened wide by tube deformation, is more that of
IGSCC (D/'W = 12).

Figure 4-8 shows & sketch of the SEM fractographic observations on the burst fracture face of
the first suppon plate region of tube R21-C22. Within the center ¢! the burst opening, a 0.50
inch long QD origin macrocrack was observed. The macrocrack was located at an orientation of
330" and was entirely confined to within the support plate crevice region. The corrosion crack
had only intergranular features. The macrocrack was composed of four microcracks. Three of
the microcracks were joined by intergranular corrosion, while the 1op most microcrack was

still separated fiom the others by metal. The macrocrack was through wall for approximately
0.1 inch. Figure 4-8 also provides a description of the crack morphology. The crack
morphology was that of SCC with significant IGA components. The width of IGA surrounding the
SCC is estimated to be approximately 0.030 inch (D/W = 1.7). One additional crack was later
observed on the specimen by metallographic examination. Figure 4-9 provides a sketch of the
crack distributiun and depth observed by metallography. Figure 4-10 provides micrograpns of
the cracks. As can be observed, the secondary crack morphoiogy had lesser IGA components
(O'W = 19 10 37).

Figure 4-11 shows a sketch of the SEM fractographic observations on the burst fracture face of
the first support plate region of tube R38-C46. A 0.37 inch long, OD origin, axial masrocrack
was observed. The intergranular crack was up 10 78% through wall and was containsd within the
support plate crevice region. The macrocrack ‘as composed of numerous microcracks witich had
an unusual spatial distribution. They had orienations which ranged from axiai to

circumferential generating a spide -like crack distribution. Three other crevice locatiune had

less deep but significant intergranular crack distributions. Their locations are also shown in
Figure 4-11. Figure 4-12 shows the crack distribution and depth as determined by transverse
metallographic examinations. Figure 4-13 shows photomicrogiaphe of cracks in transvorss
sections obtained from within the crevice region. The c-1cks are opened wide by tube
deiormation. The morphology of the cracks is that of IGSCL with minor to modarate IGA

compe - 18 (D/W = 14 10 28).

4.3 Prior Pulled Tube Examinations from Plant A ai TSP Locations

Prior tn 1990, a total of 10 hot leg support piate intersection locations o steam aeneratur
tubing removed from Plant A-2 were examinad. n 1985 the first thres hot leg support piate



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 examined as described in Section 4.1, In 1389 the first three support plate
regions of tubes R16-C50 and R16-C53 from the hot leg side of Steam Generator C were
destructively examined. Of these 10 support plate locations, 6 were found 1o have OD origin
intergranular corrosion. In addi'ion, a support plate region of a tube removed in 1889 from
Plant A-1 was examined. The support plate region of this tube also had OD origin intergranular
corrosion. The following describes the extent and morphology of the degradation found.

Elanl A-2, 1965 Examination

The first three support plate regions of hot leg tube R34-C44 from Steam Generator A were
destructively examined to determine the origin of residual eddy current signals left at the
location of the support plates atter frequency mixing to elicninate the suppen plate signal. No
corrosion degradation was found by destructive examination at the three support plate locations.

Elani A-2, 1986 Examination

The first _upport plate region of hot leg tube R31-C46 from Steam Generator C was
destructively examined. A 6.16 vcit, 81% deep eddy current signal was detected in the field
bobbin probe examination using a 400/100 kHz frequency mix. Renorralization 10 the standard
used in this repor yielded 7.2 volts. Desiructive examination found a 0.5 inch long macrocrack
that extended from 0.1 inch above the support plate bottom edge location 10 0.2 inch below the
top edge location. The crack averaged 80 10 20% through wall with a local area penetrating
100% through wall for a length of 0.02 inch. The macrocrack was composed of a number of
axially orientated microcracks which had grown together by corresion. The intergranular
cracking was of OD origin ano a number of shallow cracks existed parallel and nearby 10 the
major macrocrack. The morphology of the cracking was predominately SCC, but moderate IGA
componernts (D'W = 3.2) were aiso present,

Flant A-2, 1989 Examination

Two hot leg steam generator tubes from Plant A-2, Steam Generator C were examined 10
determine the origin of residual eddy current signals at support plate locations. The destructive
examination included the crevice region at support plates 1-3 of tubes R16-C50 and R16-C53.

All six support plate intersections had residual type eddy current signals. The second support
piate region of both tubes was chosen for more detalled examination. Following removal of both
ID and OD deposits by honing, abrasion, and later by chemical cleaning, the eddy current
examination was repeated. No significant change was ohgerved in the eddy current signals
indicating that the residuals were not related to surface deposits.

Destructiv.» examination of tube R16-C50 found OD origin intergranular corresion within the
first and second support plate regions. No corrosion degradation was found within the third
support plate crevice region. The first support plate reqion 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 wall thickness
change measurable) OD general corrosion with some intergranular penetrations. While most of
the tube OD cracking within the TSP crevice regions ha. these features, at one location the
intergranular corrosion was somewhat deeper though still regarded as minor. At this location,
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0.2 inch below the support plaie top edge, the penetrations formed two short parallel axial
cracks, 0.06 inch long and up to 0.0015 inch deep. Consequently, all three support plate
regions of tube R16-C50 had no, or only very minor, IGSCC degradation. Figure 4-14 shows a
micrograph of the larges: crack found, that within the first support plate crevice region. The
morphology s that of IGSCC with only minor to moderate IGA components.

Destructive examination of tube R16-C53 1aund OD origin intergranular corrosion within ali
three support plate regions. The first suppont plate region of tube R16-C53 had numerous OD
origin, intergranular, axial stress corrosion cracks, but the depth of cracking was shallow
(0.0055 inch maximum depth). At the second support plate of tube R16-C53, axial
intergranular stress corrosion cracking was found on the tube OD concentrated near the support
plate top edge and 10 a lesser extent near the support plate bottom edge. There were dozens of
very tight stress corrosion cracks located discontinuously around the circumference, but located
within all four quadrants of the tube. The maximum depth of penetration was 0.011 inch

(22%). The third support piate region also had numerous but relatively shallow QD origin,
intergranular, axial SCC. The maximum dapth of degradation was 0.0065 inch. Consequently,
the only support plate region of tube R16-C53 with corrosion degradation o any potentially
noticeable (by eddy current) depth was the second support plate region where the maximum
depth was 0.011 inch (22% through wall). The morphology of these cracks ranged from that of
IGSCC (Figure 4-15) 1o that of IGSCC with significant IGA components (Figure 4-13),

In summary, the 1989 pulied tubes were removed primarily to determine the cause of €3y
current support plate residual signals. Laboratory eddy current testing showed that the residual
eddy current signals were not caused by surface deposits. Destructive examination also showed
that the residual signals were not caused by corrosion degradation, even though minor QD crigin
SCC was pr-sent at five of the six support plate locations. For tube R16-C") the deepest
support piate region SCC was ¢ 007 inch while for tube R16-C53 the deepest crack was 0.011
inch. For the other suppont plate locations with cracks, the deepest cracks were 0.0015,

0.0058, and 0.0065 inch.

Plant A:1.1989 Pylled Tube Examination

The first suaport plate crevice region of hot leg tube R20-C26 from Steam Generator C of Plant

A-1 was destructivoly examined. Dozens of short, OD origin, intergranular, axial stress

corrosion cracks existed within the crevice region and just above the crevice region. Most of

these cracks were found within two 30° wide axial bands on opposite sides of tha tube. The hand
located at 255 to 285° extenided from the support plate bottom edge 1o just above the support
plate top edge. The deepest crack in this band penetrated 62% through wall and was located
approximately 0.2 inch below the top edge. The second band occurred between 75 and 105° with
the cracking extending from the bottom edge to approximately 0.275 inch above th3 support

plate top edge. Within the crevice region, the deepest crack in the second band of cracks occurred
near the support plate top edge. This crack was 42% through wall. Above the top vdge, the depth
of cracking decreased rapidly. At2.13 inch above the top edge, the deepest crack was 10%
through wall. With respect 1o the length of individual cracks, they were typically much less

than 0.1 inch long. Where individual cracks had grown together, cracks up 10 0.13 inch long

were found. Figure 4-17 skeiches the crack distribution found within the first support plate k
crevice region and also provides crack depth data. Figures 4-18 and 4-16 provide
photomicrographs of typical cracks as observed in transverse metallographic sections that have
been deformed to open cracks. The morphology is that of IGSCC with minor to moderate IGA
components (D/W = 17 to 20). Figure 4-20 shows similar transverse micrographs, but ones
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in which not all cracks were opened during the tube deformation.

Field eddy current inspection (bobbin probe) of the first support plate region revealed (by

initial interpretation) no corrosinn degradation. Later analysis suggested a very low voltage

(0.2 volts) indication signal, pa-tially hidden between larger voltage dent signals. Laboratory
bobbin probe inspection produced similar results, with an indication voltage of 0.4 volts within

the overall 7 voit dent signal. The phase angle o! the indication component, within the overall
dent signal, suggested a 61% deep Indication. RPC testing revealed many indications confined 1o
within the crevice region.

4.4 IGA and Corrosion Morphology at Support Plate Crevice Locations

A review of avallable Westinghouse tube pull data was made for the purpose of comparing
corrosion morphology in various plants and for determining the extent of IGA (in contrast 10 the
IGSCC previously discusead in Sections 4.1.1,4.1.2, 4.2, and 4.3) present al support plate
crevice locations on steam generator tubing. This review also included recent data from Plant L
tube R12-C8 from Steam Generator D. Due 1o It * specia! interest, the Plant L tube will be
discussed first in detail.

44.1 IGA and Corrosion Morpholgy at Support Plate Crevice Locations at Plant L

A summary of corrosion observations at the first support plate region of plugged tube R12-C8

is as follows. Within the first support plate crevice region of ube R12-C8, very high densities

of axially oriented IGSCC microcracks were observed. Corrosion was not observed outside of the
crevice region. The microcracks had moderate iGA components associated with them. A good
description of the microcracks would be that of IGA fingers, with the depth of the cracks

typically being 6 1o 18 times the width of the IGA associated with the crack. The microcracks
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 a given
elevation, crack densities of three to five hundred individual microcracks could be extrapolated

10 exist around the circumference based on metaliographic and SEM fractographic data if the
maximum local crack density observed extended completely around the circumference. (For
tubes examined by Westinghouse at support plate regions, crack densities of 1 to 10 are most
typically observed. The highest, support plate region, crack density previously observed in tube
examinations by Westinghouse was 20 to 100 at Plant D-2. 1t has been reported that high crack
densities of approximately 300 cracks over the circumference of a support plate region have

also been observed in some EdF steam generators.) Because ~ he very high densities of cracks
and the {GA associated with the cracks, local regions sometime. .ormed effective patches of IGA.
(Aternatively, the IGA patches may have formed independently of the IGSCC.) The depth of these
IGA patches was typically half that of the the maximum depth of cracking penetrating through the
IGA patch. The largest circumferential length of continuous IGA observed by metallography was
0.05 inch, or approximately 7 degrees, with a maximum depth of 33%. The maximum depth of
IGSCC in the same general region was approximately 85%. Figure 4-21 provides supporting
metallographic data.

Another aspect of the vary high density of axially orientated microcracks, was the formation of
larger axial macrocracks. (Before this aspect can be considered, further details regarding the
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destrurtive examina'ion need to be mentioned. The first support plate region was initially
separated circumterentially near the center of the crevice region by applying a tensile force
axiglly to the tube. The fracture would have ocourred where the volumetric corrosion
degradation was deepest. SEM tractography of the separation showed intergranular corrosion
greater than 10% deep over 310 degrees of the circumierence. Table 4.3 presenis complete
depth data for the corrosion front. It is believed that the corrosion front was composed of a large
number of axially orientated cracks that frequently had interconnecting IGA components. The
deepes! region of corrosion was 80 10 92% deep, 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 looking ones
was broken apart and SEM fractography was performed. A fairly uniform crack front was
observed from the support plate cravice center 1o the suppon plate crevice top. The front
ranged from 41 1o 55% through wall, with an average depth of 48%. Several ledges were
observed in the fractograph where it is believed that individual, axially oriented, microcracks
had joined together to form the macrocrack. Below the support plate center, only metallography
was performed. Transverse metallography (Figure 4-21) revealed the morphology of the axial
cracking and IGA in the form of IGSCC with moderate IGA components and 1GA patches at the bases
ofthe IGSCC. Axial metallography was performed from the botiom edge of the crevice 1o the
center of the crevice region, through a region with corrosion. A fairly uniform corrosion

front, approximately 50% through wall, was observed that is similar 1o that revealed by SEM
fractography above the center of the crevice. Fram this data 't is concluded that axial
macrocrack networks existed from the battom edge of the support plate crevice region to the top
edge, with the crack fronts having a fairly uniform depth,

Metallographic data available from the second support plate crevice region of tube R12-C8
indicated approximately 50 axial penetrations around the circurnference. The morphology of the
penetrations was typically that of narrow IGA fingers. The maximum depth of cracking observed
was approximately 48% through wall. ABB (CE) has reported that the maximum depth 2f the
intermittently distributed, effective surtace IGA was 27% through wall. Note ihat the ABB (CE)
definitions of IGA may have produced larger values than would have been produced by a
Wastinghouse definition of IGA.

After burst testing of the third support plate crevice region (room temperature burst occurred

at 10,500 ¢.si), visual examination revealed numerous, axially oriented, corrosion openings
Aadjacent to the main burst opening. Most of the corrosion appeared 10 be shallow. SEM
fractography performed on the burst opening showed intergranular corrosion existing from the
bottom 1o the top edge of the crevice region. Large ledges (with dimple rupture features) were
frequently observed between axially orientated microcracks. Transverse metallography showed
approximately 106 cracks around the circumierence with a morphology of axial IGSCC with
moderate IGA components. The maximum depth of cracking was 55%. ABB (CE) calculated that
the maximum depth of effective surface IGA approached 33% through wall. Again, the /.38 (CE)
definition of !GA may have produced larger values than may have been produced by a
Westinghouse definition of IGA.



Preliminary destructive examination of the first, second, and third support plate regions of tube
R29-C70 has produced the foliowing results. All three regions had similar corrosion
degradation. Axially oriented IGSCC with only minor to moderate IGA components was present
without effective surtace IGA (intermittent minor surface IGA, 110 2 grains deep, was
occasionally present). The absence of the efiective surface IGA is in contrast 1o the results for
tube R12-C8. At a mid-suppont piate elevation, 2 10 3, §, and 4 cracks were found distributed
around the circumference for the first, second and third support plate regions, respectively.

The presence of such a small number of cracks Is typical of support plate cracking at many
power plants and is in great contrast to the results for tube R12-C8 from Plant L. The burst
strengths for the three regions were 10,400 psi, 9000 psi, 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. These macrocracks were composed of
microcracks that were separated by ligaments with dimple rupture fractures. The numbers of
such microcracks were 3, 6 and 7, respectively, for the first, second and third support plate
crevice regions. The maximum spacing between microcrack ledges with tensile overload
features was 0.17, 0.23 and 0.16 inch, respectively. The maximum depth of IGSCC observed
was 56%, 76%, and 50 10 74%, respectively.

Preliminary destructive examination of the first, second, and third support plate iegions of tube
R30-C64 has produced the following results. All three regions had similar corrosion
degradation. Axially oriented IGSCC with only minor to moderate IGA components was present
without effective surface IGA (intermitient minor surface IGA, 1 1o 2 grains deep, was
occasionally present). The absence of the effective surtace IGA is again in contrast 1o the results
for tube R12-C8 and is similar to the results for tube R29-C70. At a mid-suppon plate
elevation, 35, ~78, and ~83 cracks were found distributed around the circumference for the

first, second and third support plate regions, respectively, The presence of this moderate
number of cracks s also typical of support plate cracking at many power plants and is in
contrast 1o the results for tube R12-C8 from Plant L, at least for the first support plate region.
The burst strengths for the three regions were 10,500 psi, B800 psi, and 10,200 psi,

respect vely. SEM fractography of the burst faces showed IGSCC macrocracks, confined to the
crevice regions, that were 0.25, 0.61 and 0.45 inch long, respectively. These macrocracks
were composed of microcracks that were separated by ligaments with dimple rupture fractures.
The numbers of such microcracks were ~20, 6 to 7, and 9 respectively, for the first, second and
third support plate crevice regians.” The maximum spacing between microcrack ledges with
tensile overload features was 0.12, 0.23 and 0.11 inch, respectively. The maximum depth of
IGSCC observed was ~60%, ~64%, and 50%, respectively.

Summary

All three support plate regions of Plant L plugged tube R12-C8 had multiple axial IGSCC
macrocrack networks from the bottom 1o the top edge of the crevice. The first suppon plate
region had the deepes. cracking, 92% through wall. For the second and third support plate
regions, the maximum crack depths were 48 and 5%, respectively. In addition, effective IGA
patches were cbserved. In the case of the first support plate crevice location, the IGA paiches

* Other ligaments or ledges with intergranular features were also present.
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“oeurred In regions with the highest crack densities. The depths of the IGA patches were

typically half that of the associated axial cracking. For the second and third suppert plate

regions, limited data was directly avallable regarding the 1GA patches, but it was reported by CE
that the maximurn depths of IGA for these two support plate regions were 27% and 33%,
respectively. The six support plate regions from non-plugged tubes R28-C70 and R30-C64 had
corrosion maore typical of other plants: a small to moderate number of axial IGSCC, moderate IGA
componerits to the cracking, and no separate IGA (patch IGA). While the IGSCC on tubes R29-C70
and R30-C64 had IGA components, the appearance was more that of siress corrosion cracking
than that of IGA fingers as was observed at the first suppont plate region of tube R12-C8.

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

Itis difficuit 1o compare corrosion morphology from one plant 1o another since the visual,
metallographic and SEM fractographic data are frequently not comparable and seidom provide a
complete description. It is especially difficult it the person doing the comparison has not

directly worked with the raw data since it will not be known if the reported data represents
typcial or the more spectacuiar and extreme data. With these caveats, the following presents a
corrosion comparison in which the raw data, not just the reported data, were all studied by the
same person.

To compare support plate corrosion morphology, three ways of data characterization were
utilized. All three need 1o be considered to characterize the corrosion. The first measures
cracking density. Since most cracking within suppon plates s axiai in nature, cracking density
is usually measured from a transverse metallographic section. If a complete section is available,
the cracking density at the given elevation can be directly measured. If only a partial section is
available, an estimate by extrapolation can be made Cracking densities were arbitrarily divided
into three density categories: low (1 1o 24 cracks); moderate (25 to 100 cracks): and high
(greater than 100 cracks). Note that since most axial cracking is composed of short
microcracks, usuaily less than 0.05 inches long, a cracking density of say 25 at a given
elevation would correspond 10 several hundred microcracks within a supporn plate region. The
second way of characterizing the 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 at
the mid-depth of the crack, creating a ratio D/W. Again, three arbitrary D/W categories were
created: minor (D/W > 20) (all or most PWSCC would be included In this category if it were
beir.,y considered in this analysis); moderate (D/W 3 1o 20); and significant (D/W < 3) where
for & given crack with a 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 IGA present on the the
tube, but only the IGA not obviously associated with a singie crack was 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 arhitrarily divided the circumferential extent of IGA
into three categories: negligible (IGA < 5% deep); moderate (IGA 5 to 10% deep); and significant
(IGA greater than 10% deep).

Table 4.4 presents a corrosion morphology comparison of Plant L support plate region data,
similar data from other plants examined by Westinghouse, and data from laboratory corrosion
tests conducted in model boilers. With respect 1o cracking density at suppont plate locations, it
i5 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 Wastinghouse.
However, similar cracking densities of several hundred cracks at a given support plate elevation
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Table 4.1

Laboratory Eddy Current Data for Tubes Removed from Plant A-2

Examination
RPC Exam

Bobbin Exam

Echoram
Probe

Zetec
Probe

Results at Bottom TSP Location for All Tubes

Tube R4:-C73

Axial indication with
faint parallel indication
20 10 30 degrees away;
0.44 inch long,
77-82% deep.

Indication 86-88% deep;
voltage ranged from 3.6
10 4.3 volts depending on
specimen orientation.

Indication 86-91% deep;
voltage ranged from 2.6
1o 5.0 volts depending on
specimen orientation.

Tude R21:C22

Axial indication; 0.5
inch long, 76-81%
deep.

Indication 86-87%
deep: voltage ranged
frem9.61011.6
vuits depending on

specimen Jrientation,

Indication 36-90%
deep; voltage ranged
from 7.7 10 14.2
volts depending on

specimen orientation.

Axial indication
0.4 inch long,
90% deep.

Use field data
only: 1.4 vols,
68% deep.
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Table 4.2
Leak and Burst Data for Tubes Removed from Plant A-2

Results at Bottom TSP Location for All Tubes

Test Tube R4:-C73 Tube B21:C22 Tubg B30 C48

Leak Test

Operating Leak Rate
(deha P = 1500 psi)

Steamn Line Break Rate
(delta P = 2650 psi)

Burst Test

Burst Pressure
(psig)

Burst Ductility
(% delta D)

Burst Opening Length
(inches)

Burst Opening Width
(inches)

[

56

04398

0.135 (OD),
0.100 (ID)

<18

6.8

0784

0.210 (0D),
0.148 (1D)

" Problems with back pressure regulator increased t' e measured leak rate.

7.6

0.881

0.167

19

19

19
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Table 4.3

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

Plant L Tube R12.C8

Circumterential Location Maximum Depth of Penetration
(degrees) (%)
0 €2
10 00
20 92
30 78
40 82
50 60
60 §2
70 40
80 18
90 60
100 48
110 48
120 56
130 60
140 58
150 60
160 56
170 44
180 56
180 2
200 14
210 10
220 18
230 8
240 14
250 14
260 16
270 14
280 44
290 40
300 44
310 18
320 18
330 0
340 16
350 0



TABLE & .4

Compar ison of Intergramular Corresion Morphology at Support Plate Regions on $/6 Tubing end Laboratory Spec imens

Cracking Density (as Measured Extent of 1CA Associsted with Extant of D (GA (Wot Obviousiy
Date Seurce —or_Estisated for One Plane)* ——the Wajor Cracks _Associsted with » Single Crack)
Low Moderate High
(124 (25 - 100 (Greater Binor Moderate Significant #egiigible Moderste Significant
Lrocks) — Cracks) than 100) (DA’ >20) (B 3 te 20) ~M0/% <3)  (SXDeep) (5 to I0X Deep) {210 Peep)
Plant A-2
R31-T46 s -6 3.2 L]
R4-CT3 SP1 -8 4.2 ]
R21-C22 spi -2 .7 ]
R38-Cks sP1 -19 %-28 0
Flant 8-1
RL-CHY SPY (2%) -4 25 ¢
RL-C8T1 SP3 (BN) ~15 (for 15 dfor 2% Deep
axigi) axist}), -1 Intermit-
-5 Circ. (for Circ. tentiy around
n Cracks) Cracks) ciroumfersrce
; RL-CHY-SPS (12M) -8 (Circ. o ]
~ Cracks)
Plant J-1
L8-C74 $P1 <341 %-20 -200°, max.
depth 40X,
L8-C7% 92 <176 10-15 80", wax.
depth -20%.
Plant W-1
159095 sp1 <340 4 (misieading LS°, max
ratio for these depth 20X
cracks, should
be larger value)
L59-095 sp2 0 {no cracks &So, e
iust 1GA) depth 13X

* Since most support plate cracking is compoced of short axial microcracks, typicaliy 0.02 to 0.05 inch long for & 50X deep crack, »
microcracking density of 25 could be essocisted with more than severa! tundred individuel microcracks #ithin a support plate crevice region.

“oabcp(holmumd?mmmutxemlsindwwim 1GA. wmaluwmmnn-—n‘nmmmu
the SCC.




TABLE 4.4 (Contirmstion)

Compar tson of intergranuler Corrosion Morphoiogy st Support Plete Regions on $/G Tubing and Leboratory Spec imeres

Cracking Density (as Measured Extert of IGA Associsted with Extent or . 7% (Mot Gbwiousiy

Oata Source or Estimsted ‘or One Ptene)* 3he Major Cracks Associated with » Singie Creck)
Low Mode: ate Migh
(1-24 (25 - 100 (Greater ®inor Moderste Significent Negligible Roder ate Significant

MMMMWM&MM&M

81

Plant ¥-1 (Cont.)

L120-CY2 sP3 3 34 (rot scour- X desp
ate since intermit-
obtained from tentiy
unet ched around cir-
SPeC Hiaen ) cumference

Plent P

#16-C60 SP1 a0 ®inor to 2
moderate (no
Quant itative
date aveil-
able)

Plant D-2

R7-C38 sp1 20 48 il

RT-C38 sP2 &2 15 4]

R7 38 sP3 23 24 1% desp
intermit-
tently
sround cir-
cumference

R11-C25 5P} ~50 1% e

* Since most support plate cracking is conposed of short axisl microcracks, typicsily 0.02 to 0.05 inch long for & SOX deep crack, »
microcracking density or 25 could be associsted with more thes several hudred individusl microcracks within a sSupport plate crevice region,
“* pDepth of SCT as measured from the D surface exclumive of any surfsce 1GA. W=width of IGA component to the SIL es measured at the mid point of

the SCC.
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Dats Source

Plant B-2
R29-C4A6CL SPY

Flant C-2
R26-C54 SPY (2K,

Plant 6-2
RE-CET SPY (2%)
R6-CE7 SP3 (BM)

RE-CHT SP5 (1IW)

Plent L
R12-28 ™

R1Z2-C8 sP2

the SCC.

Cracking Density (as Messured

i P e
Low Moderste High
(124 (25 - 100 (Greater
0 (-50 if
1GA fromts
are def ined
as crecks
with L/w
<Y
36
14
28
&
&)
(772-504 )
50

TABLE 4.4 (Continuetion)

Extent of 1GA Associsted with

——the Ma or CTracks

220

Wodernte
PN 3 to 20}

18
15

6-18

“oderate (no
Geantitetive
data avail-
sbie)

Extent of 0 1GA (W . Toviously

i ' it Singt
Significant Negiigibie Moder ate Significant

BN =3} (SR %eep) 5 to JOX Deep) 10X Deep)

< 1 it crack
is defined as
Deing present

:m’ uni foem
IGA; max.
depth 26X

2-10 2°, max. depth

0

X deep
intermittentiy
eround circ.
-

. 210° ot
Center, less
sbove and below
Center, mox.
depth 43X by
Metal lography .
Intermittently
distributed,
max. depth 27X,
Intermittently
distribwted,

Cince most support plate cracking is conposed of short axial microcracks, typical’y 0.62 to 0.05 inch iong for & SOX deep crack, a
mirvocracking density of 25 could be associeted with more than sevess! hund»d individusl microcrecks within & support
DDepth of SCC as messured from the 0D surfece exclusive o sy surface 1GA.

piate crevice region.
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TARLE 4.4 (Centiruetior)

Comper json of mm&-mumnam-mm—mu-

Cracking Derc ity {as Messur o Extent of IGA Associsted with Extent 22 @@ 1GA (Mot Chviously
Low Moderate wigh
(% (25 - W08 (Grestec "o Nocerate Significent  Neglinible Wt wt e Significen
Lracks)  Gracks) tien 1007 O ) (B 3 te 20 BN <3 (StPewt O 19 I Deep) L2108 Doy
Plant L (Cont )
30088 3 e3 Winer to -2
—derate (oo
Quantitetive
dote svail-
-ie
Laboratory Tes's
S71-9 1 -50 S
b 2 b (%) o
5361 : -0 4
5634 3 w 1]
25-1 - Ta o
$353-3 0 1140 e
SL-FR-11 w " [}

* Since most sugpert plate cracking is composed of shors sxisl wicrocrecks, Typiceily O 07 h..liﬁucth.m.qm,o
mwmuindamumwmmummnmm-em.wummm.
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Figure 4.1

Macrocrack Length « 0.52 inch
Throughwall Length « 0.02 inch
Number of Microcracks « at least 3

Morphology |GSCC with moderate I1GA components

0.75% inches - - SP top

i Wil

0.0 inches = ~ SP bottom

180° 270° 0% 90° 1g0°

skatch of Crack Distribution

Summary of crack distribution and morphology observed on the first support
plate crevice region of tube R31-C46.



Figure 4.2,  Secondary oSt uistrioution and a photomicrograph of one of the cracks in a
transverse metallographic section of the first suppor plate crevice region
of tube R31-C46. The crack morphology Is that of IGSCC with moderate 1GA

components
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sketch of Burst Cryck

Macrocrack Length « 0.4 inch
Throughwall Length «  0.01 inch

Number of Microcracks « 7 (al) ligaments have predominantly
Intergranular features)

Morphology =  1GSCC with some 1GA aspects (circumferential cracking
has more IGA characteristics)

0.75 inches - - SP top

0.0 inches - « SP bottom

180° 270° 0° 90° 1@0°

sketch of Lrack Distribution

Figure 4.3.  Dascription of OD origin corrosion at the fifth support plate crevice region of
tube R4.C81
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Photomicrographs of 1ube R4-C81 corrosion degradation. Top photo shows
axial crack morphology (ransverse section) at the eighth suppon plate
ocation (no transverse metaliography was performed at the fifth suppon
plate region). Bottom photo shows circumferential crack morphology (axia

. . [ - . o
seclion) at fifth support plate region
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Macrocrack 'ength « 0.42 inches
Throughwall Length « 0 18 inches

Number of Microcracks » 4 (al) ligaments with intergranylar
features)

Morphology = Intergranylar SCC with some [GA characteristics
(width of 1GA 0.012 inches)

0.7% inches - - SP top
0.6 inches - . .
i |
ey J 1 |
|
o l
. 1 ‘ i
0.2 inches -
|
0.0 inches - | « SP bottom

180°  270° 0° 90° 180°

sketch of Crack Distribution

Figure 4-5.  Description of OD origin corrosion ai the first support plate crevice
region of tube R&-C73.



Figure 4-6. Skelch of crack distribution and depth within the center of the first support
plate intersection in tube R4.C73.
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Macrocrack Length « 0.50 inches
Throughwall Length « 0.18 inches

Number of Microcracks « 4 (two )igaments with intergranular
features, one with ductile overload features)

Morphology = intergranular SCC with significant 1GA
characteristics (width of 1GA 0.030 inches)

0.75 inches - : « SP top

—

0.25 inches -

0.0 inches =~ - SP bottom

180° 270° 0° 90° 18OV

sketch of Crack Distribution

Figure 4-8.  Description of OD onigin corrosion at the first support plate crevice
region of tube R21-C22,



Figure 4.9.

Sketch of crack distribution and deth within the first support piate crevice
region in tube R21-C22.
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akatch of Burst Crack
Macrocrack Length « 0.37 inches
Throughwall Length « 0 (78% throughwall)
Number of Microcracks « numerous ()igaments Lave intergranular
features)
Morphology = Intergranular SCC with minor [GA features
(Unusual spider-shaped crack distribution)
burst opening
localtion
0.7%5 inchas - - SP top
- '
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. 4
Wit E
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A
J
{
0.0 inches - SP bottom
180° 270° 0% 90° 180°
sketch of Crack Distridution
Figure 4-11.

Description of OD origin corrosion at the first support plate crevice
region of tube R38-C46.



Figure 4-12.  Summary of distribution and maximum depth of cracks found within the first
support plate crevice region of tube R38-C46.









Figure 4-15 Phutomicrographs of a transverse section from the first suppon plate
srevice region of tube R16-C53. Mag. 100X






Wy * W4
Y ENOGy U
e 3




-
' . ,-—
ree
e,
K- I
ad !

-

*

¢.010

254 um
..‘ X



N
FTANSVATS maeata o \ At th Py
ANSVATSAE Melallographic section through
al the first suppon plate crevice region (9(

suppon plate crevice 1op with crack details i

tube R2(

getormed hall) be

Areas A and B






w

[ A0
)




0.010"
T4 um










§.0 KEWAUNEE INSPECTION RESULTS
5.1 March 1991 Inspection

A scheduled inspection of the Kewaunee steam generators was conducted during the refueling
outage in March, 1891, All lubes in service were inspected by bobbin coil eddy current 1ests.
The following is a summary of the results relating to ODSCC indications at tube support plates
(TGP).

Nearly 70% of the tube support plate indications were in §/G-B and the remaining in $/G-A. In
§/G-B, more indications were found on the cold leg side than on the hot leg side. Figure 5.1
Cispiays the frequency distribution of TSP indications by support plate loczions. Of all plate
locations, support plate 6C (sixth plate from the botiom, in the cold leg) . $/G-B had the
greates! number of indications. The lowes! and highest plates had _ore Incications than the
intermediate leval TSPs. The number of indications at each TSP location as a percentage of the
(ctalin each 8/G is shown in Figure 5-2. In 8/G-A, the largest percentage of indications were in
the lowest hot leg suport plate (Plate 1H), followed by the highest cold leg TSP (Plate 7C). In
$/G-B, the largest percent TSP Indications were in Plate 6C, followed by Plate 7C.

In general, the TSP indications at Kewaunee had low amplitudes. Over 95% of the indications
were of less than 2 volt amplitude (40100 kHz mix channel). A frequency distribution of the
voltage amplitudes from the 1891 inspection is shown in Figure 5-3. The distribution of
number of indications is shown in the upper figure while the corresponding percentage
distribution is shown in the lower figure. In each S/G, about half of the indications were in the
range of 0.5 1o 1.0 voit. None of the TSP Indications in S8/G-A and only a few indications in
§/G-B (excluding a few uent signals) were above 2.5 volts in amplitude.

With respect to the depth of the indications (percent tube wall penetration), majority of the
signals were attributed 1o low indicated depths. A frequency distribution of estimated wall
penetration of the indications is shown in the upper half of Figure 5-4 It may be noted that in
both $/Gs, only a few indications exceeded 50% wall penetration. The percentage distribution of
tube v-all penetration of TSP indicatio.is s shown in the lower portion of Figure 54, Tubes
plugged during ihe 1891 outage, in accordance with the existing plugging criteria. are included

In these figures.

6.2 Past Ingpections

A review of the past eddy current inspaction results was conducted 10 assess the progression of
ODSCC in the Kewaunee S/Gs. 34 Tubes trom S/G-A and 13 tubes from S/G-B were plugged for
support plate indications during the 1990 outage. These plugged tubes formed the sample for
this reevaluation which was performed in the lab using data from eddy current tests conducted in
the field. For these tubes, the available eddy current test results for outages in 1987 through
1990 were evaluated. There were other tubes with "distorted indications® (DI) at the support
plates; however, only the data from the plugged tubes were reevaluated in the current study and
hence is likely 10 be conservative (large growth rates). Some of these tubes had indications at
more than one tube support plate (TSP) intersection and hence the number of total indications
reviewed exceeds the number of plugged tubes.



The OD indications were present in bo.1 the hot leg aid the cold leg. It was noted during the
evaluation that the growth in amplitucic s between 1889 and 1990 in §/G-A were, by and large,
negative. This was found 1o result from using a different calibration standard o the 1989
inspection. A cofrection 1o the 1989 voltages was appliec by comparing the signal voltages for
the 100% ASME holes on the field data tapes for the two years. Accordingly, the recorded
amplitudes from the 1989 inspection in §/G-A were reduced by 29% prior 10 furthe:

processing of the data. Such a correction was not needed for the depth estimates for the reasons
discussed in the following paragraph

The ASME standard for flaw depths specifies a tolerance of £ 3 mils or 20% whichever is less.
whereas the diametric olerance is 3 10 mils. This leads 1o a possible diametric variation of %
15% and ¢ 5%, respectively, for the 100% and 20% deep ASME holes assuming that the
machined standard is within the specifications. The engineering drawing for the callbration
standard used during the inspection provides the exact as-bulll (measured) depths for the
machined flaws; but does not give the as-bullt diameters of the flaws. Further, the accuracy of
the 100% depth hole is absolute. Thus while the standard was well sulted for depth estimates
with high degree of confidence, the signal amplitude estimates tend 10 be less reliable due 1o the
variation in hole diameters in the standard.

The eddy current signals found in the fieid data are generally distorted which contributes 1o the
uncertainty in the depth estimates and signal amplitudes. The uncertainty in the estimates would
depend on the extent of the signal distortions. It was sometimes possible to reduce this
uncertainty by comparing the inspection signals at a given location from ditterent outages
(years). An example of this is illustrated in Figures 5-5 and 6-6. The 1980 inspection results
shown in Figure 5-6 has very itle distortion and provides depth and amplitude estimates with
high level of confidence. The 1989 data for the same tube- TSP intersection (Figure 5-6) is
highly distorted. Two different interpretations of this signal are shown in the figure. A reading

of 0.58 volt and 1% depth (rather than the other estimate of 0.85 volt and 46% depth) was
found to be more consistent with the 1990 estimate of 0.54 volt and 48% depth.

The bobbin voltage indications ranged from 0.16 to 3.5 volts. Growth in amplitude for each year
from 1987 through 1990 were calculated where data was available from prior inspections.
Growth estimates were calculated only for the cases where data was available for at least two
years: l.e., no assumption about the depth or signal voltage for prior years was made If such data
was not available.

Figure 5-7 shows a plot of the growth in amplitude from 1989 10 1990 as & tunction of the

1889 amplitude for the indications in both $/Gs. It may be noted that the amplitude growth
ranged from -0.3 10 +0.9 volts in 8/G-A and from -0.4 1o +0.7 volis in 8/G-B. The negative
growths (and possib" some of the high positive growth values) result from the uncentainties in
the eddy current inspection and data evaluation. Overall, the distribution of amplitudes and their
growths are similar in the two 8/Gs. Figure 5-8 shows the growths in amplitude during the

three cycles in both §/Gs as a function of the amplitude in prior inspection. A frequency
distribution of the voltage growth between 1889 and 90 in both 8/Gs is shown in Figure 5-9,
Please note that the mode (interval of highest frequency) is near 0.0 volt.

The average growth in amplitue. _ for all indications was caloulated for each of the three cycles for

both §/Gs. This is plotted as a trend curve for each S/G in Figure 5-10. The number of
indications used in the caloulation of the average is also shown in the figure, next 1o each point.

6-2






¥ v ad 8 vigher average estimate than if the negative values were not modified. The
Cuivuia'ed average amplitude growth for Kewaunee from 1987 10 90 is 29% per fuel cycle. This
is compurable 1o the ODSCC growth rates observed at other plants. As noted before, pc dulation
for this calculation consisted of only the tubes plugged during the 1990 outage. This may have
also resulted in conservatively high grov.th rates than if all TSP indications were included in the
population. However, the growth rate calculation auring the las! fuel cycle was based on all the
TSP indications as described below.

Estimation of the amplituse growth in the last fuel cycle showed that between 1990 and 81 the
average amplitude growth was only 13% in $/G-A and 2% in 8/G-B. Again, negative growth
rates were treated as zero growths for this computation. The combined average growih for both
S/Gs was 5% during the last cycle. Inclusion of this data in the calculation of average growth
during the las! four cycles (from 1987 1o 91) results in an overall ¢ “rage growth rate of

13.3% for Kewaunee. However, a value of 40% was usec Jon .0\ 'y in the determination
the pluy.ging limit in Section 12. A summar, of the average g - 28 and their standard
deviations during the last four fuel cycles is s 4~ " hie 6.1, . . ay be noted %5m this table
that the value of 40 % exceeds even the highest average growth -ates determined for prior cycles.

Parcent growth rates in bobbin amplitude during the las! fuel Cycle ranged 'rom -A3% to
+116%. A frequency distribution of the percentage growth rates 's displayed in Qure 515,
This figure also shows the cumulative probability distribution of percentage growth rates in the
Keyvraunee S/Gs during the latest oycle (1980-91).

5.4 Review of TSP Corrosion and Crevice Packing

Review of the field data shows 5trong evidence of general corrosion of the support pla’» holes.
This can be observed in the 10 kHz data (lop right frame in the following figures). Figure 5-16
shows the standard support plate signal (10 volts in Channel #7) which may be compared to the
signals from the field inspection <3 shown in Figures 5-17 through 5-22. It may be rnoted that
the support plata signals for these example tubes is only about 6 volts. This is strong evidence
that the support plate holes in the S/G are larger than the standarc support plate hole.
Accumulation of magnetite in the crevice could result in some reduction in the signal amplitude.
However, the following observations suggest absence of large amounts of magnetite in the
crevice. Figure 5-23 shows the influence of magnetite on support plate signal. Please note that
the magnetite packing of the crevice results in a rotation of the signal (Channe! #7 in the

figure). There is hardly any evidencs of signal rotation for the example intarsections displayed
i Figures 17 through 22. Thus the data does not support the presence of large amounts of
magnetite in the crevices. This assessment is further supported by the lack of dent indications at
TSP intersections in this plant. The 1991 inspection results showed only three dont signals at
tube support plates. One of these was in 8/G-A and the other two in S/G-B.

5.5 RPC Inspection Results

During the 1991 outage, RPC inspection was performed on several tubes with bobbin coll
indications at the TSP locations. These included tubes in both $/Gs at various sunport plates in
both hot and cold legs. In general, RPC testing of a given tube-TSP intersection was performed to
resolve distorted bobbin signals (those without depth estimates from bobbin data). The review

of the RPC data indicates that the TSP signals are due to ODSCC. Most of them are single axial

5.4



indications and some are multiple axial signals. Most of the RPC traces could be easily
interpreted. However, interpretation of the signal is difficult in some cases as a result of noise
or other complexity in the RPC results.

A sample of the RPC traces are shown in Figures 5-24 and 5-25. The four traces in Figure
§-24 are from tre hot leg TSP locations in S/G-A. These traces are clearly attributable 1o axial
indications. The first (5-23a) was in tube R37C756 (5/G-A) at the second TSP in hot leg (2H).
The bobbin coll test of this location had a signal amplitude of 0.82 volts (400/100 kHz mix).
The other traces in the figure are from the lowest support plate in the hot Iaq (1H) and had
bobbin amplitudes of 1.36 (5-23b: R2C18), ©.01 (5-23¢: R33C36), and 1.. ¢ (5-23d;

R26C28) volts.

Figure 5-25 sh ws RPC traces from cold leg suppon piate locations of 8/G-B. The two upper
traces, 5-25a and 5-25b are from the upper suppor! plates and show clear multiple axial crack
indications. 5-25a signal in R38C48 tube (S/G-B) at the sixth TSP in the cold leg (6C) had a
pobbin signal amplitude of 1.67 volts. The 5-25b trace is from R21C43 tube in the same S/G,
at the 5C location; the co.r=sponding bobbin indication amplitude was 1.42 volts. The two lower
traces in the figure are from the peripheral region of the cold leg in the same S/G. Trace 5-24¢
is from tha 6C location of tube R36C75 and is identified as a single axial indication. |t had a
bobbin amplitude of 1.07 volts. The trace from the 2C location of tube R15C81 (0.54 volt
bobbin amplitude) is shown in Figure 5-25d. It is clear that the fiaw is on the OD of the tube.
However, unambiguous characterization of this signal is quite difficult; it was calleu a single
axial indicaticn by the field analyst.

These are examples of the RPC traces from the 1991 Kewaunee inspection. Review of the overall
RPC data suggests that the support plate indications are axial ODSCC signais. This conclusion is
also valid for the large number of cold leg indications observed at Kewaunee.

Bobbin testing had shown ten (10) TSP indications with amplitudes above 2 volts. Of these, nine
were in the cold leg. Since each of these ten indications were sized for depth of penetration, they
were not tested with RPC. Therefore, characterization of the indications with greater than 2

voits bobbin amplitude using direct RPC data is not availabie. However, meaningtul information
can be drawn from the available data. Only two (2) cold leg indications above 1.4 volts hobbin
ampliitude were lested using RPC. Both of these had multiple axial indications (see Figure 5-25
& ana b). Eight (8) cold leg indications avabove 1.2 volts bobbin amplitude were RPC tested. Of
these, four {i.e., 50%) had multiple axiai flaws. These figures suggest that the cold leg TSP
indications with greater than 2 vo''s bobbin amplitudes and shaliow depths of penetration are
multipie axial cracks. This can be confirmed by RPC testing of these during the next inspection.



Voltage Growth Per Cycle for Kewaunee S/Gs (1)

Number of  Average % Growth/Cycle

Lo/ Cycle Indications  Yollage  Average Sid Dev,
1987 10 1988 22 0.86 16% 83%
1988 10 1988 37 0.95 23% 63%
1989 10 1990 §5 0.96 19% 37%
1990 10 1991

Entire voltage range 187 0.88 -16% 26%

VBoC < 0.75 volt 63 0.57 T% 31%

Veoc 2 0.75 volt 124 1.52 -19% 22%
Average over last 4 cycles 2% 44%
Notes

Table 5.1

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

2. Growth per cycle obtained by conservatively setting voltage change (VEOG - VBOC)

1o =ero f measured change is negative.

% 2 0 Growth/Cycle

Average Sid. Dev,
34% 69%
31% 57%
24% 32%
5% 16%
9% 21%
3% 12%
13% 35%



50 A

9

???????3?3???????}????33‘

A.C.IOCOQOCOQ‘ .‘.Q.C‘.ﬂ.‘.‘. .4.‘ C.l Qﬂ.‘.‘.ﬂ.‘. 0.‘.“.4.1.‘.‘.‘.‘0‘.

X L R R OO

.Q.‘.o..o 0..‘.00’.00.. %oc.o%’o...cooo. 999099 coh 9999909000

AAXEAEIXR) ARAA

(LX) X LY )

v%..‘......‘.%‘D.’.....D..” 4
X R X,

WAAAAAASR S AN A

AAXA RS E XXX AKX (X

O S Y S

ASARAX AAAR)

R AXAAAX

S0 080000000404

ETRRTRTATATETAATRTATA

LK

A

DOCCRRR

XX

1H 2H 3H 4H 5H 6H 7H 7C 6C 5C 4C 3C 2C 1C

-
o

&

SNOILLYOIONI! dS1 40 H38WNN

SUPPORT PLATE DESIGNATION

= S/G-B

-,
PO
>,

1
J

E S/GA

pectlion)

ns

ation (March 1991 |

y Loc

3P Indicatiuns by

o
Q
w0

finn f T
1on of

bu

Hetr



OO

O R R AR R AR AR AR

..‘.Q.. .O...' D‘.".’.’.D.O‘.‘.Ob‘.‘ W‘ ..D.D...l

WA A KA RN

Vil ®)

ARARAENIRIRARERARAA

Y, L —

201
151
10

SNOILVOIONI dS1 40 IN3JOH3d

"

1H 2H 3H 44 5H 6H 7

SUPPORT PLATE DESIGNATION

S/G-B

S8 S/IGA

|
2
L

aa
9391

f\'l;}. L

~atinn

Dy LOoCall

Are B
Vo

] o m’anaf\

“f TED

o1

) oy o - Miete :
ercentage vistribution

=
-

o B4

a
igure

-
™~

w



EXEX I XX RN TR

BRS040 00000
1- -.-{-—x,u-;fnkur.v-’%.

”

:m.mnmr
KEXXEEN KA XX

4, hlchhlvuvih X

120+
o
8-

dS1 40 HIENWN

R o |
»30

.
ar

[

1091 COBBIN AMPLITUDE, VOLTS

$/6-8

-

-y

[l o

m-. o
8O-

T R —— — —
3 3 R
SNOLVOION 5] 40 INTID

o

&2
>3

e AT g
278

.y
= Fro o B

it

(o}

278
1991 BOBBIN AMPUTUDE, VOLTS

178

128

X 9, LX)
BT RRRXRXRKXXENNN

\arch 1



LA

>

YYIIYT YISy

» EAXKEEEXREY b N XX KRN 3
KX P KX KA A AR A X A X XXX XA
BMALLLA AR AR AR DR ol i o Bl Bt

INDICATED THRU WALL DEPTH

(3000500090050
EEAKXEXXKAR AN
ER AN a A X K XA
ALLABALAALAXRERZLENK

(FEE AT AT AN

FAYAAN I T A NN XX

AN KN X X XXX

>

80— -
&0

-
e

8

%

v m o o
SNOLYOIONE IST 90 INF MG

INDICATED THARU WALL DEPTH

srthe
ol U )

~atadd M

Jvu

MNiatriny
VISl

e

Percentag

~
o

aquency an:

2

gure 5-4

19



« TH M 1 WERTH~ CH 7 WRT «

DERMEL MO — WINW | 56 o8 ROM 29 CIA 22!

——he

" ROTATION - 293 OFG |

RIGHT STRIP CHT |
SN — Y

F‘Q —— 10 khz |
e

211 0G|

|
, % B - |
i |
‘ D K\YS l!i ' LU | !mxm
I e
|4
R — / GYSTEM COMF 1 GURRT 10N
e  NYE — W50l -l |
® of - 8
11:113:43 PN
S —— Ly WM 13 wv:

‘ 1 T -
» PLANT UNIT SG J.G X 35;‘
EMAMEE N8 1. B__ UITLET wnm
Figure 5-5. Bobbin Coil Signal Without Distortion (March 1980 Inspection)

5.

11



LCH ML ERTH M7 ERT s HRNEL N - mie | 5O &1 Aw EQGI.;’
! < _O1SPw
ENe 8 |
s - -8
PR e
. ROTRTION - 298 (G
. EFT STRIP OSWT
e N |y
e — |
i PN e 18
1‘~ ROTATION - 238 (OEG
RIGHT STRIP CHEWTY
Eee W
e Y ——— 18
o P
LR 7-("5 BOE BN ROTATION - 211 (EG

.- - P
SYSTER CONF | BT 10N

HRE - S nl -
8 ar O 4
16: 09: 25 ™™

I

MW VERT#- M TNNEL MO - Mixe | S0 21 R0M 29 Con eRl

€y OUSALAY
e W
RS — 1-9
P 18
ROTATION - 258 OEG

EFT_STRIP CHERT
&’ e I I
| — - 1%
' \ N —— i
§ - ROTATION - 238 CEG |

RIGHT STRIP WY

a. il | ROTATION - 211 OEG |

SYSTER COMF [GRBT 1 OW|
NPE — WS4l
! ® of D B
. 18912025 M
. RCH ¢ WS

+H
Lid

Figure £-8. Distorted Bobbin Coil Signal (March 1£90 Inspection)



AMPLITUDE GROWTH FROM 1989 TO 90, VOLTS

TUBES PLUGGED IN 1880 O
0.8+
£
. 0
0.6~
- 0
0 L] O
0.4
"
. a
0.2+ .3 [ £
B CS] o O rs
O m&
0 ®
0.2+ -
0 ®
0. T | T T B
0 0.5 1 1.5 2 25

1989 BC IBIN AMPLITUDE, VOLTS

O s/G-A B S/G8 !

Figure 5-7. Growth in Bobbin Amplitudes from 1889 to 1990 in Kewaunee S/Gs

5-13




GROWTH IN NEXT CYCLE, VOLTS

1 S
0 0 0
0
0.8+
0
"
0 O
0.6
»
® 5 = " 0 g
] w " a
0.4 . )
0 ® 0
ogY "
0 . @
02 o "y m (I
DOpn 0 - i
8 Ué] o ® LR 0o
Fg D "
B & B.
& O "
0 ]
) oo O
0.2 o
O 0Op W
N
'04 1§ % I 1 Tn ‘_ 1
0 0.5 1 15 2 25

INITIAL BOBBIN AMPLITUDE VOLTS

[T:] S/GA B SGE8

Figure 5-8. Giowth in Bobbin A:npliiude per Cycie from 1987 to 1990 ir Kewaunee S/Gs

5-14



FREQUENCY OF INDICATIONS

50

104

I
| TUBES PLUGGED IN 1980

l

U

o6 04 -02 0 U2 04 06 08 11
VOLTAGE GRCWTH FROM 1988 TO 80

I'—Es- S/G-A - I §/58 ]

Figure 5-9. Frequency Distribution of Bobbin Amplitude Growth Rates from 1989 to 1890

8-15




03

g

Y o0z -

g 01-
O . 4 |
1687 1988 1888 1890

OUTAGE IN YEAR

—&—- S/G-A -8 §/G-B

Figure 5-10. Average Growth Rates in Bobbin Amplitude frem 1987 1o 1930

5-16

1981



GROWTH FROM 1989 TO 90, %DEPTH

|
® L TUBES PLUGGED IN 1980 ]I
30+ 0O
5
0
» g O
20+ 0
® O
0
0
0
a O pbp
10+
0 0
“p O o
- M SR ' = -
™
%
™
0
. o
'10 R ] T 1 1 1 | ) = & 1
0 10 20 30 40 50 60 70 80 80 100

1989 BOBBIN INDICATION, %DEPTH

a

S/GA B S/G8

Figure 5-11. Growth in Indicated Depths from 1989 to 1990 in Kewaunee S/Gs

5-17



v U ,\‘HJBEB PLUGGED IN 1980
30, 0 S
2 o "0 o ©
20+ .
qa D " 0O BD 0
. no @} mEmp©
0 0 "
S RN
. D g " % 5 @ o o,
Sl
]
401 . . -
®
.29.} )
-30‘l+‘“‘ | S | 3 g rs T ! T I T JI
0 i0 20 O « 50 60 70 80 80 100

INITIAL BOB3IN INDICATION, %0EPTH

Ln S/G-A N S/GB |

Figure 5-12. Growti: in Indicated Dapth per Cycie vs Prior Depth from 1987 1o 1990

§-18



20 = - v -
.‘o : ”/E_._; o A.i ‘
& / 17
/
b
O 12 / in
. z ""
4
_10.1.._ e -
| -2@4 T . 3 T
; 1987 1988 1983 1890
QUTAGE IN YEAR

-3 8/G-A - S/GB

Figure 5-13. Average Growth in Indicated Depth per Cycle from 1987 to 1990

5- 189

1991



AMPLITUDE GROWTH IN NEXT CYCLE, PERCENT

2504 U
200
sy
150+ OD
100- 0o 0
n a
'y 0 O
" 8[:18 SO I NS 0
.. D . Dr-l e
c_l ? - [3:. & ' E . CPDN )
B B
O "
% 0 oy
100 J[:]l' T T I 1 !
0 0.5 1 1.8 p 25

BOBBIN AMPLITUDE, VOLTS
O sicA B S/GB

Figure 5-14. Percent Growth in Amplitude vs Prior Cycle Amplituce

- 2C




ALIMMEVYEOHd SALLY INWNND

/o] ! - #

TO1X

e oC
DTO &C 100

.f an
&

\%%\

V978
\m\\\\\\%\\\\\%\\&\&u\\\\\%
x\\\\\\\\\\\\\\%\\\\\%\%\\\ §

o,
“\«

-

uj
- |
O
2-
O
£
i
8% 5
-
33
8 £
m
@
O
>
m
W
O
¥
O

& H b = &N

SNOLLYAHISE0 40 Jd38WNN




I'J'«:ﬁ“ﬂtn v .W Bty + 0.00 o 30 “ﬁu ’u &. 101]

- 3 .- 9
rfé ——— ) f's'n ----- 809 CEF ’SE“’--” 1 L7 ] Visu -——— x. Mz
3:' yneee 38 SPAN smsee 113 PN ~enen ! g b prriaii , |
QTETIoN - gée POTETIN - 24 BOTETION - 139 TETIoN . 301
I 1
¥ |
1‘ \‘ \ "/~'.< .‘ |
s .‘ ] *
‘l “N\T\\ /""'"*- A== G| \ ", St == ; "
\ ” ——— - 4 \ e
] \ ‘ 9 ’Y\-—/ - .‘-" L | |
{ 5 '-—w-‘— ¢ A 3
l N i ‘
3.32 v 260 o ls.37 v 0 oy |
ms >4 ? FREQ ceee- » r; N e S
§ == e KMz —m——— WE  FREG -eee- {
PO Somam 4 e g - s Rl
eoTarion - _bovariod . | sgTar goTerion - 'S¢
® ]
o /
| ks [k i
g \
% -~
; iy {v'/,.m 3‘ :
\J) 2 |
Ry |
, J . ey |
@80 70 @ ooy %0 o Jeswv seo o [ mes o |
PLANT WNIT 5.0 6D DATE
KEWRUNEE Rei_ el B WY 03159

Figure 5-16. Signals from a Support Plate Calibration Standard



!ﬁ l

'.n

+ 8,00 ok

1 86 1) #OW

-

‘. .-
f.‘g - m [
P
ATATION - ;;[

g el u! kM2

| mee—

n?ﬁ? 10N =

;7

CHANe =
FREG =weme
| ==

_EOTBTION -

3

180 wHz
4%

\A8

HAHS =
FREG www==
SFan

ooooo

2
FURL
s

-

25l

738 v 610 8%

HENE = W
mus .- ge

YQT"‘N

2it

4,09 v 123 0

%

=20

4.3

-

A%

4,33 v 311

UNIT
ol

0

LEC

DRTE
__ LBED MCT 031699

Figure 5-17. Suppert Plate Signals from S/G-A, R15 C8, Location 1H
(March 1990 Inspertion)

5.

23

[ 5] Ny
Bttt



(BiZ%8 an_weFcr 1¢ 1999 in v 0.0 o TS6 11 PO &4 o0 3]
m - ] CHib b == CHANE == & THON® == 7
Q wemee 400 M2 " { swnew 3 Ll F I e lz. kng ”(0 dens l! kMg
-— PR cewe N o mwwm “FRH mrwwme e
in!! 1M -  3E7 - 47 QMjB_LQN LI ‘"VQYX“N = 201 )
-
o
A\
3 N
T.36 v 61 0 0% 8, 31 v 298 % [
lh . 5
qm«v —e N m — - B
3 i w—— I3 M‘ ——— ] — ]
FOTETION - I‘-‘! DIETION - YaT1 -
~. ey
\L/"’\ r“"‘
. |
3,23 v 48 D o 1,29 ¢ 181 O Ok 3.73 v 160 9. 4,43 v 08 02 |
PLAT IMIT 5.0 LEO ORTE
KEMNRUNTE ~4) o Q__ LRl HOT 031609

Figure 5-18. Support Plate Signals from S/G-A, R24 C10, Location 1H
(March 1890 inspection)

5.

24






[FTE7.08 FF ARRCH 16 1998 5

o} W, -
° - ¥z ¥ ° P
.ﬁ&' ﬁ km.

T
H\
N
‘&
‘\\l /-—\\
{ % \‘.‘" &
L.
\
i Y v
CHENG == M ; M
i ' -—

PLALT
KEMRMEE_R41

W88 v 200 & IRl v im0 e

3.61 v 3430 @

UNIT $0  LEO
L 8 oY

-

ORTE
LR

Figure 5-20. Support Plate Signals from S/G-B, R1 C46, Location 1H
(March 1990 Inspection)

5-

26



[Fi48; 32 PW MAPCA 16 L9 1 in - 8,81 ok T80 31 PO 28 T0L 15

- A - e e % ‘NS~
FRED womue 400 wwz FBED c=-ee 200 uM2 g&é-““ ,8 kMg ;:ge ..... 19 ome
PN s 13 + - a4 -——————— :.--. Bed
PATETIAN - BOTETIN - 24 110N - |37 TETION -
r_...e_x.;m,__m A _‘,,rn.s...m___.::..__._
S\ /

\L |
\

— Ik - \

. . ’“\‘ ’ P /\\‘ \

,,\V % ;'\f ‘ \\ I,‘K‘—‘.

v S ] N
Mi-:-"_‘_-'--""-'r

ML&——%
e T ;ﬁxe": S ﬁL - "'s. tedl | KL
_ POTRTION - ns DTRTION - 193 _BOYEYION - %8

7 |

/ |
r‘,‘ ‘ ,',‘M |
o
v i A 1,79 v g3 0 9% Ji.23 v 312 6 @ 1.38 v 293 0 9
PLANT uNlT S/G  LED DRTE
KEMOUNEE Bai____ @1 _B__ Ot 931690

Figure 5-21. Support Plate Signals from S/G-B, R26 C18, Location 1H
(March 1990 Inspection)

s-27



mrmcn ih 199 | Ih = 0.80 ok T30 &1 ROW 35 ;og 29

-

N
D msen lg kM2

$P
"’IL! N - 481

"EO'“- * Mz "?‘:"-' ! kMg Fﬁn -— ? N2
rﬁ‘zs'_mx :§ ‘E}mﬁ;‘: & BOTRTI" L i

™

2e vier o ex  lijev 2 : a3 v 2% gy

CHANG == M
p.mg.-‘-l

~

|8 |
42‘:;-. =] (¥

o
o ‘1
/ r:-h/' P
(1,48 v l % .39 V288 D @ 1 ¥ 318D 9% 1,06 V2010 @
PLANT UNIT S8/ LEC CATE
KEMALMEE P4l ____ @1 B__ woT 231690

Figure 5-22. Support Plate Signals from S/G-B, R33 C29, Location 1H

(March 1990 Inspection)

§- 28



ST T ) -‘D_Eim [y

oy =3 e — % -7
cse.-—_ " @-—- % e 8 8 kM — kMR
: " 3 _.ﬁ._,.ﬁn._j_ e il

’ - P I’“
; L & N
' =~
2 - e - - o
fi= i Y= mue SR inve TS Lgoe
sqrerie: Q8 1m~m_43__~' : _SCTATION - 273 5+
‘ d
| {
. | . N T
J i \ T
|
|
c.oac;/._\
| .
bve < L
‘.00"
TR Lk A Y | e j . "C | koW 13 .r—'i'l
A é’ e :ﬂgn'—-:— e &"—.—- 109 un  OUED e 19 Wie
(R e | § ; wpdae W
v e x Rt ,a
' |
- (= '\‘ \ ]
v U ! .
: ]
ST o T ws e G e SR e
e - SoTETin - 33 2 -
=
o N P

Figure 5-23. influence of Magnetite on Support Plate Signals

5-29

No magnetite
in crevice

With magnetite
in crevice



a) R37 C75, Location 2H b) R2C18, Location 1H

¢} R33 C36, Location 1H d) R26 C28, Location 1H |

Figure 5-24. Exampie RPC Traces from Hot Leg Support Plate Locations in S/G-A
{March 1991 Inspection)
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6.0 FIELD EXPERIENCE SUMMARY: Pulled Tube Plant L.eakage and inspection Data

This section identifies the field experience dats from ope .+ « 5/Gs that are utilized in the
development of lube plugging criterla for ODSCC al TSMs. (he field data utilized include pulled
tube examinat' s, 000 rences of tube leakage for ODSCC indications at suppon plates
and field insr <1 “uhs for relatively large crack indications with no identifiakie foakage.

€.1  Ultilizetion of Fleld Data in Tube Plugging Criteria

Operating §/G experience represents the preferred source of data for the plugging criteria.
Where the available operating data are insufficien! to tully define plugging criteria, data

developed from laboratory induced ODSCC specimens were used 10 supplement the field data base.
Table 6.1 summarizes the utilizatio field and laboratory data to deveiop the tube plugging
criteria. The field data utilized for thy plugging criteria are identified in this repon gaction,

Sections 7 10 11 describe the developinent of the laboratory data. The field and laboratory clata

are combined in Sections 9 and 12 1o de' slop the tuL.e plugging limits.

The overall ap,.1vacn 10 the tube plugging criteria is basen upon establishing that R.G. 1.121
Quidelines are satisfled. It is nonservatively assumed that the tube *o TSP crevices are open and
thal the T8Ps are displaced under accident conditions such that the ODSCC generated within the
TSPs becomes free spar “egradation under accident conditions. Lnder these assumptions,
préventing excessive leakage and tube burst under SLB condilons Is required for plant safety.
Tuby rupture under normal operating conditions is prevented by the construint provided by the
arilled hole TSPs with small tube 1o TSP clearances (typically ~ 16 mil diametral clearance for
open crevices). For the plugging oriteria, however, the R.G. 1.121 criteria for burst margins

of 3 times normal operating pressure differentials are applied 10 define the structural
requirements against tube rupture.

In addition to providing margins against tube burst, it is necessary 10 limit SLB leakage to
acceptable levels based on USAR evaluations for radiciogical consequences un= i accident
conditions. ‘Thus SLB leakage models are required for the plugging criteria in & “iion 10 tube
burst data.

Based on the above considerations and the plugging criteria objective of relating tube integrity to
NDE measurements, the primary data requirements for the plugging criteria ere the carrelation
of burst pressure capability ar.d SLB leak rates with bobbin coil voltage. For plant operational
considerations, it is desirable to minimize tha potential for operating leakwge 1o avoid forced
outages. Thus an additional objective Is 10 relate bobbin coll voltage 1o operating leakage. The
field data of this section indicate very low le 1kage potential for ODSCC at TSPs even at voltage
amplitudes much nigher than the plugging limits.

Within the above overal approach, field data are utilized as follows:
A Pulied Tube Data

The test results for pulled tubes having had leak rate and burst tests performed, such as the
three Plant A-2 tubes, are used directly in supporting the plugging limits. If metallographic




data on the crack morphology is avallable but leak/burst lests were not performed, the orack
depthr and lengths were evaluated 10 assess the potential for leakage and 10 estimate burs!
pressurs margins. However only tubes w'th measured burst pressure are used In the
vollage/burst piessure ourrelation. The pulled tube data base is discussed In Section 6.2,

B Pant Leakage Experience for ODSCC at T6Ps

Demesetis ang Intornational data foi upeiuiiig ieanage within Waestinghouse plants was reviowed
for identification of leakers atiributable to ODSCC at T8Ps. No occurrences of identifiahle

leakage e 1o ODSCC at TSPs were found in domestic units. Three orcurrences were identified in
European units. The latter data (See 6.3 below) topether with field inspection data are used (o
asse8s the potential for operating leakage at plugging limits that meet tube burs! and SLB leakage
requireme" ',

C  Field Inspection Data for Tubes With No Identified Leakage

Itis shown in Section 9 that tubes with voltage levels up 10 about 6 - 7 v~lts meet the
requirements for burs! pressure margins under free span burst conditions. Therelore fleld
inspection data ior indications above and below this voltage level, »nd with no identified operating
leakage, can be used 1o assess the potential for significant operaling leakage.

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

62 Pulled Tube " . Base

The avallable pulled tube data base fcr ODSCC at TSPs in Westinghouse S/Ge includes 23 pulled
tubes for which 45 tube to TSP intersections have both NDE and desiructive examination results.
This group includes four tubes from Plant A-2 and one tube from Plant A-1 with one

intersection destructively examined for each pulled tube. None of the 23 pulled tubes have been
reporied as leakers during plant operation. The crack morphologl: - were reviewed for 14 tubes
with TSP intersections having no leakage or burst tost measurements. This review indicatos that
no leakage would be expected for these tubes even under SLB conditions and that the burst
pressures would exceed 3 times normal operating conditions. The field eddy current data for all
pulled tubes were reviewed for voltage normalization consistent with the standard acopted (see
Sections 6.6, &) for the plugging criteria development. Indications for 3/4 inch diameter tubing
were normalized 10 4.0 volts in the 550 kM7 channel and evaluated for the 550/100 &Mz mix.

Table 6.2 provides the leak rate and burst pressure data for the 10 pulled tubes (18
intersections) for which these tesis were performed. The leak rate and burst tests ware
conservatively performed as free span (without collars) tests. Also shown in the table are the
estimated leak rates anJ burst pressure based upon the actual crack morphology for the Plant
A-2 tube with the 7.2 volt indication. The 1990 Plant A-2 tube leakage tests showed |

|9 of leakage at normal operating conditions but these low valué « ~annot be clearly
separated from tes! system leakage. The measured SLB leax rates are |

J8. The pulled tubes in Table 6.2, with up 10 10 voll indications, ali show burst pressures
for the test conditions (room temperature, as-built material propenties) in excess of 4590 psi,
3 times the normal operating pressure differential (adjusted for temperature, the 3 times
nurmal operating pressure differential equivalent is 5500 psi).



The pulled tube NDE data are shown in Figure 6-1 as bobbin coll voltage versus indicated depth.
All pulled tube results at normal operating pressure differential represent no leakage conditions
while two small leakers at SLB conditions wera found from Plant A-2. Figure 6-2 shows the
same data plotted as voltage versus actual depth from destructive examingtion.

Correlations of the bobbin coil phase an .~ based depth estimates with the maximum depths from
destructive examinations have shown an uncerainty of 15% for the depth indications. The

pulled tubes have typically shawn one dominant axial crack notwork with multiple, small cracks
around the tube circumference. With multiple, large axial crack networks around the tube
ciroumference, the bobbin coll depth uncertainty can be larger than 15%.

Figure 6-2 shows that below 2 8 volts the maximum depths are dominantly less than B0%. An
occasional, very short, 100% through wall indication, such as the 1.9 voll indicetion, could
potentially oocur at these low voltage levels although the pulled tube examination results indicate
that the associated crack length can be expected 10 be 100 short for any measurable leakage at
normal operating or SLB conditions. The smaliest voltage found for a through wall crack in the
current pulled tube data base is 1.9 volts for a 3/4 inch diameter tube as noted In Table 6.2,
Figure 6-3 shows the field bobbin and RPC data for this indication.

Between 3 and 10 volts, the limited pulled tube data indicate the potential for through wall
cracks with negligi* 'e leakage at normai operating conditions and very small leaks at SLB
conditions.

6.3 Operating Plant Leakage Data for ODSCC at TSPs

Table 6.3 summarizes the avallable information on three suspected tube leaks atiributable 1o
ODSCC at TSPs in operating $/Gs. These leakers occurred in European plants with two of the
suspected leakers ocourring at one plant in the same operating cycle. In the latter case, five
tubes including the two with indications at TSPs were suspected of contributing 10 the operating
leakage. Leakage for the two Indications at TSPs was obtained by a fluoresceine leak test as no
dripping was detected al 500 psi secondary side pressure.

For the Plart B-1 leakage indication, other tubes also contributed to the approximately 63 gpd

total leak rate. Helium leak tests identified other tut-s leaking due to PWSCC indications. Using
relative heiium leak ratas as a guide, it was judged that the leak rate for the ODSCC indication

was less than 10 gpd. Th.2se leakage events indicate that limited leakage can occur for indications
100;0 about 7.7 volts. No leakage at Kewaunee has been found that could be attributable 1o QDSCC
at "SPs,

6.4 Plant Inspection Data for Tubes with No Identified Leakage

Additional guidance on the voltage ievels at which significant operating leakage might be expected
can be obtained from plant inspection results for tubes with large indic . ns but no identified

tube leakage. Inspection results from 8 units were reviewed 10 ident, indications above about

1 wolt with no suspected leaxage. Data from this review are shown in Figure 6-4. These data
show a large number of indications below 6 volts and a few larger indications that can be
assoclated with no leakage conditions. This is consistent with the pulled tube results of Figure

6-3
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6:1. The overall Plant A data support no operating leakage below about 10 volts even though the
Plant A pulied tubes indicate sho:1, through wall crack penetrations.

6.5 RPC Data Considerations

Examples of RPC indications for the Kewaunee $/Gs are given in Sectio, 5. As per the proposed
plugging criteria, RPC inspections are required for bobbin coil indications above 1.5 volts (See
Section 12) 1o suppon the continued presence of ODSCC as the dominant degradation mechanism.
In agddion, the data obtained would suppon further development of SLB leakage models which
may utilize leakage Correlated with RPC parameters. The RPC inspection results can be

optionally applied 1o verity the presence of the bobbin coll Indication.

6.6 Voltage Renormalization for Alternate Calibrations

To Increase tie supporting data base, it is desirabl~ 1o be able 1o renormalize available data 1o
the calibration values used i this repori, When 400/100 kMz mix or 400 kHz data normalized

1o an ASME standard are available, the renormalization is a straight forward ratio of the
calibration voltage values. However, when different trequencies are used, the nrmalization
ratio s phase &..9le or depth denendent and this normalization has been evaluaied as described
below,

For data on 3/4 inch diameter tubing, \ohage renormalization has been obtained by applying a
normalization of 4.0 volts for the ASME 20% holes in the 550 kHz channel and evaluated using
650/100 kHz mix. Westinghouse, under EPRI sponsorship, is further evaluating alternate
voltage normalizations for 3/4 inch tubiny 1o compare with the normalization atopted in this
report for 7/8 inch tubing. Comparisons of responses 1o drilled holes and EDM slots as well as
burst correlations will be applied to adopt a 4 inch tubing voltage normalization for use in
alternate piugging criteria. Until this study is complete, data from 3/4 inch tubing tests are not
used in the voltage/burst correlation (data from 7/8 Inch tubing used) applied for Kewaunee.

The voltage normalizations ar” “ble 1o the calibrations used in this repon are:

ASME 4-hole, 100% deej, ..033 + 0.001 inch dia. = 6.4 voits at 400/100 kHz
ASME 4-hole, 20% deep, 0.187 1 0.003 inch dia, = 2.75 volts &t 400/100 kHz
ASME 4-hole, 20% deep, 0.187 + 0.003 inch dia. = 4.00 volts at 400 kHz

The through wall hole with tighter than ASME hole tolerances has been selected as the primary
voltage normalization for application of the voltage plugging limits. The through wall holes
resu't In lower influence of manufacturing tolerances on the voltage calibration than partial
depth holes. Calibration at the 400/100 kMz mix used for data evaluation is recommended 10
minimize potential uncertainties from normalization at other than the evaluation frequency. The
above calibrations can be applied 10 normalize most of the domestic Inspection results for 7/8
inch tubing.

In France and Belgium, a 240 kHz differential inspection is most commonly applied. Voltage
renormalization was evaluated by fabricating the French and Belgian standards and Lumparing

their procedure with that of this repont. Results of this study are given in Table 6.4. The U.S. 1o
French voltage ratio was further evaluated using an Intercontrole probe commonly used by EdF

6.4



(Electricite de France) and applying this probe as well as a domestic probe 1o the calibration
standard and to several model boller specimens with ODECC. The results of this evaluation are
given in Figure 6 5. These results show a consistent ratio (within ~10%) for both probes and
between callbration standards and ODSCC. In Figure 6-5, phase angles of 3u° and 1009
correspond 1o 100% and 20% ASME hole depths, respectively.

Given Table 6.4 and Figure 6-5, most bobbin ool voltage measurements can be rencrmalized 10
the calibration applied in this repon,

6.7 Comparisons With European Plant Inspection Results

The pulled tube data described in Section 6.2 and the field inspection results of Section 6.4 were
obtained from domestic and Europenn plants that apply essentially the same voltage callbration
slandards and comparble frequency mixes for indications at TOPs. The operatir, axperience
data base can be increased substantially by including plant data from French and Belgian plants.
However, these plants utilize ditferent voltage calibrations and treguencies for TSP indications.
To compare the domestic plant data with these Zuropean data. the voltage ratios of Figure 6.5 (as
a function of phase angle) have been applied. However, any conversion factor involves some
uncertainties as indicated in Figure 6-5 because it depends on the varying crack responses 10
different frequencies as well as procedural/environmental conditions. Recognizing uncenainties
in the voltage conversion factors, comparisons with the European data are particularly valuable
for the following comparisons:

o  Trends in indications and growth with time for equivalent voltages higher than available in
domestic plants which have applied 40% depth criteria for tube plugging. None of the
European data at higher equivalent voltages have had identifiable operating leakage so these
data sub~tantially increase th high voltage data base supporting negligible leakage for
QDSCC & TSPs.

o Percentage growth in voltage from European plants can be used 1o assess growth rate trends
for equivalent voltages much higher than that available in domestic plants.

For these comparisons brtween domestic and Eurupean experience, the domestic data for Plant
A-2 and Kewaunee are compared with French anc Belgian data.

Ristribution of Indications

Data for ODSCC at TSPs for French Unit H-1, 8/G-1 are avallable 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 figure shows the percentage distribution
of indications within each outage. Without tube plugging to eliminate the larger indications, the
distribution becomes more heavily weighted at the larger indications with increasing operating
time.

European data is currently available for French Units i4-1 and J-1 and Belgian Unit K-1. Itis
useful to compare the percentage voltage distributions for these units with the Kewaunee data .nd
data frem two other domestic units, P'~nt A-1 and A-2. This is shown in Figure 6-7. The lower
figure is scr 'ed 1o include all available data while the reduced scale of the upper figure is

included to emphasize the sma. voltage range of the U.S. data compared io the European data.
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Piatit J-1 was excluded from the upper figure since breakdown of the data into small ranges was
not available. It may be noted that over §7% of the domestic data falls below 0.5 volts when
nonnalized to the French procedure and none of this domestic plant data falls above 1 volt. The
French and Beigian data, on the other hand, extends above 3 volts.

Overall, It is seen that the U.S. plants with 40% or 50% depth plugging limits are operating
with valtage amplitudes notably lower than that in European units.

The European units of Figure 6-7 with higher equivalent bobbin voltage signals have operated

with no identifiable leakage. This result indicates that operating leakage due 1o ODSCC at TSPs is
expacted 1o be Insignificant. This is supported by the fact that only 3 cases of small operating
Ieakagye, as shown » Table 6.3, have been idontified 1o date.

Erench Pulled T. »e Rata

Fourteen tubes have been removed from French units with destructive examination results
currently available. Figure 6-8 shows the crack morphology for a tube with a 0.7 volt (~3.7

U.S. volts) indication. The tube exams indicate many axial cracks of comparable depth around the
lube ciroumference. The cracks are dominantly ODSCC with somewhal more IGA panicipation
than seen in most domestic pulled tube data such as the Plant A data. The multiple crack
networks would be expected 10 increase bobbin coll voltage compared 10 one or only a few deep
Cracks as typical of the domestic data. Figure 6-9 shows the French data added 1o Figure 6-2.
This figure shuws the trend toward higher voltages from tha French data for a piven maximum
depth. Similarly, the data points for Plants L, M and N, which show increased IGA with multiple
cracks, also show a tendency 1o ard the higher voltage range of the data. The data for Plant N, as
described in Section 4, are from a non-Westinghouse unit with egg crate supports and were '
reported as IGA. Overall, the data for IGA and IGA/SCC indications show comparable or higher
voltage levels than obtained for SCC with minor IGA.

6.8 Growth Rate Trends

Of particular interest 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 little data on
growth rates in the range of voltage amplitudes being evaluated for the plugging limits of this
report. The larger voltage amplitudes of the European data provide guidance on growth rate
progression. Figure 6-10 shows growth rate data for Plant H-1 both as voltage amplitude and
percentage Jrowth as a function oi voltage ampitude he data of Figure 6-10 tend 1o indicate
percentage growth rates are not a strong function of dlute voltage amplitude. As generally
expected, the spread in the data at low amplitudes is y. - ter than for larger vo"ages due 10 the
greater influence of voltage uncertainties and measure  nt repeatability at low amplitudes.

Figures 6-11 and 6-12 compare the percentage growth rates per cycle between domestic units

Plant A-1, Plant A-2 and Kewaunee with that for Plant H-1. Figure 6-11 shows the individual

data points; the lower figure is @ magnification of the lower left hand comer of the upper figure.

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

s 0.75 1o 2.5 volts and the third is for initial amplitudes greater than 2.6 volts. In the case of

the U.S. plants there is very little (lata above 2.5 voll amplitude; hence such data is included in

the second range. "he French data (Plant H-1) indicate percent growih rate nearly independent
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of initial amnlitude wherees the domestic units display percent growth rates decreasing with
increase in Initial amplitude.

The domesiic plants dominate the growth rate data of Figures 6-11 and 6 12 for low amplitudes
with tho French data extending 0 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 oconservatively treated
s zero growth rates. Ignoring the negative growth rates biases the average growth by including

all positive but not all negative random fluctuations. Fan of the apparently larger rumber of
negative voltaye growth rates for the domestic data may result from variations in calibration
standards for the 20% depth normalization which may be more s¢ 1sitive 1o tabrication
tolerances than the 100% depth normalization standards employod for the European data.

’-'

Field Data Conclusions

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

%

Burst tests performed on pulled tubes, which to date include signal levels up 1o 10 volts,
show burst pressures exceed g 3 times normal operating pressure ditferential, adjusted
for operating temperature eff.ct on material properties.

2. The pulled tube, leak rate test results indicate the potential for low |
9.
3. Pulled tube examination results indicate that through wal! cracks can potentially ocour
below 10 volts but that the associated crack lengths are short with no measurable leakage at
operating conditions.
4. The smallest bobbin voltage identified for a through wall crack is 1.9 vAlts (in a 0.75 inch
OD tube).
5. le at operating conditions has not been identified for bobbin coil voltage below
| volts with only 1 indication of leakage below 13 volts.
6. Negliyible leanage is expected from ODSCC at TSPs based on domestic experience as well as
European experience with voltage amplitudes higher than the domestic operating experience.
7. Percent growth in voltage amplitude tends 10 be approximately independent of voltage

amplitude for the available French data while decreasing with amplitude for the domestic
plants, including Kewaunee. Assuming growth in voltage is independent of amplitude appears
10 be very conservative for the Kewaunee S/Gs.

To supplement the above field data 1o define tube plugging limits, laboratory tests were
performed with the following areas of emphasis:

0

Improved definition of tube burst capability as a function of bobbin coll voltage 1o better |
define voltage levels that meet Reg. Guide 1.121 guidelines for burst pressures of 3 times j
normal operating pressure cifferentials. ‘



0  Improved resolution of leak rate poteniial for normal operating and SLB conditions above
about 2 volt signal amplitudes.

0 Determining NDE uncertainties associated with application of voltage plugging limits,



Table 6.1

Field and Laboratory Data Utilized forTube Plugging Criteria Development

Tube Burst Capability: Burst F essure vs Voltage Correlation
o Pulled Tube Data
0 Model Boier Specimens

SLB Leakage Mode!
© Pulled ¥ ube Data
0  Model Boller Specimans
0  Plant Inspection Results
- ODSCC Indication Distributions
- Growth Rateg

Operating Leakage Assessment
© Pulleo Tube Data
o Operating S/G Leakage Occurrences
0  Field Inspection Data for Tubes W'thout Identified Leakage
- Larger (»1 volt) Indications
©  Mode! Boiler Specimens

NDE Evaluation: Specimen Characterization, Inspection Sensitivity/Uncenainies
0  Model Boller Specimens
© Pulled Tube Data

Influence of Tube Denting on Leakage
o Fatigue Specimens
o Doped Steam Specimens

Effects of SLB Loads on TSP Displacemsnt
©  Pull Tests on Laboratory Dentew Specimens
0  Thermal-Hydraulic and Structural Analyses
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Table 6.2
Pulled Tubo Leak Rate and Burst Pressure Measurements

RS EE= R —— T e e

Burst

{in)

(pei)

Crack network length for burst crack with through wali crack length given in parentheses.

Negligible leak rate evaluated as no leakage for this repor.

Measurements were not made and values are estimated based upon orack mernhology
obtained from destructive examination.

Leakage not detected as pressure increased to indicated burst pressure.

Field measurement using 550/100 kHz mi. for 0.75 inch diameter tubing.

-




Table 6.3

Field Experience: Suspected Tube Leakage for ODSCC AT T6Ps(1)

Blun' laspeciion Yolis Repth Comments
) 0
-]

Notes.
1 Field experience notec is for nominal 0.750" OD tubing with 0.043* wall thickness. No
data are known 10 be avallable for tubes with 0.875° QD.

2 Reported voltages were adjusted (values given in parentheses) 1o the normaliza‘ion in this
repon of 2.76 volts for 20% ASME flaw and 400/100 kHz mix. The adjustment factor
was deve'oped based on voltage ratios measured between a metric calibration standard as
used 10 obtain the orijinal data ano the reference ASME standard of this report. This
adjustment provides an order of magnitude conversion to make these data roughly
eomparable 10 other data in this report. However, any conversion factor is disputable
because it depends on the procedural/environmental conditions and thus may vary from
case 1o case.



Table 6.4
Comparisons of Voltage Amplitudes Between U.S -ASME and Europaan Standards

U. 8. - ASME Standard French Belgian US.

4-hole.  4-hole. 4-hole

itmm 126mm 33 mil

dia. dia. dia.

Support  holes  holes holes

Channel 0% 40% 60% 80% 100% Plale 100% 100% 100%

U.S. Calibration Procedure

400/100 mix 275 28 g 5.0 8.7 <) .6 18.98 64
400 kM2 4.0 35 55 65 78 8.2 1719 54
240 kMz 63 54 7.9 7.3 85 174 2118 786
200 kMz 59 4.9 7.4 6.3 8.0 17.6 18.08 .
100 kMz 59 28 386 3 38 145 ! 8.5 52

French Calibration Procedure
240 kHz 0.66 0.56 0.82 0.76 0.99 18

Belgian Calibration Procedure
240 kM2 0.59 0.51 0.74 0.68 0.90 1.64

9 US. procedure involves setting up the signal fo. 20% ASME holes at 4 volts for 400 kHz
differential channel or 2.75 volts for 400/100 kMz differential mix and then using the
“Save/Store" functions of the Zetec DDA-4 software for carrying over the calibration 1o
all other channels.

’ When using the U.S. calibration procedures, the French 4-hole standard gives 12 4 volis
at 240 kHz and 10.7 volts with the 400/100 kMz mix. It is 1.3 volts for the French
calibration. Thus U.S. values at 240 kHz/French values at 240 kHz equals ~9.5. U.S.
values at 400/100 mix/French values at 240 kMz equals ~8.2.

" When using the U.S. calibration procedures, the Belgian 4-hole standard gives 21.15
volts &t 240 kHz and 18.96 volts with the 400/100 kHz mix. it is 2.0 volts for the
Belgian calibration. Thus U.S values at 240 kHz/Belgian values at 240 kMz equals
~10.6. U.S. values at 400/100 kHz mix/Belgian values at 240 kHz equals ~9.5. For
Jeneral data comparisons, welgian and French data can be reasonably compared without
adjustments or by multiplying the Belgian data by ~0.9 to obtain French volts.



Figure 6-1. Pulled Tube Data: Bobbin Coil Voltage and Indicated Dep*:

€-13



Figure 6-2. Pulled Tube Data: Boobin Coil Voltage and Depth from Destructive Exam
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Figure 6-4. Field Inspection Nata for Tubes Without Operating Leakage
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7.0 LABORATORY SPECHIEN PREPARATION
7.1 Mode! Boller Specimens

The Forest Mills Single Tube Mode! Boller 1es! facility Lonsists of thineen pressure vessels in
which a forced flow primary system transfers heat 10 a natural circulation secondary system.
Test specimens are placed around the heai ranster tube 10 simulate steam generator lube
support plates. One 1o six tube support piate crevice assemblies are typically Included in a given
test. A schematic of the tes! facility is presented in Figure 7-1, and typical thermal and

hydraulic specifications are presented in Table 7.1. As indicated in the table, these
spacifications are reprosentalive of those in 8 pressurized waler reactor sleam generator.

Four series of Single Tube Model Builer tests have been performed ¥ ~tovide tes! pieces having
through w all cracks for subsequent nondustructive eramination, leak raie measurements, and
destructive examination. The first series consisted of 15 archive crevice assemblies which were
produced in previous Westinghouse-tunded testing; the second and third series each consisted of
€ight crevice assemblies, while the fourth series consisted of 45 crevice assemblies. The
Ccrevices in the third and fourth series ware specified so as 10 produce crack networks hav.ng
lower babbin probe voltages.

Serles ) Tests: A summary of the archive 1est pieces is presented in Table 7.2. The tes! piec
are listed by thair tube designation and their location on the tube. The sludge type refers 1o the
manner in which siudge was placed in the tube support plate crevices. Chemiially conuolidated
sludge s formed by baking a mixture of sodium hydroxide, sodium silicate and sodium phosphate
with the sludge; mechanically consolidated sludge is formed hy hydraulically pressing the sludge
into the tube support plate, drilling & hole in the sludge, and sliding the tube through the hole;

the fritted design uses an inconel sinter at each end of the crevice 1o hold the sludge in place. The
test containing an eccentrically mounted tube suppon plate in which the siudge was removed
from the crevice was used 10 simulate chemical cleaning. All tests utilized simulated plant
sludge, consisting of approximately 50% magnetite, 32% copper, 5% copper oxide, 2% nhicke
oxide, and 1% chromium oxide.

The cracks were produced in what is termed the reference cracking ch.emistry, consisting of

either a 600 ppb (1X) or a 6 ppm (10X) sodium carhonate solution in the makeup tank.

Because of hideout in the crevices, the boiler concentration is typically about 76% of the makeup
tank concentration. Mydrazine and ammonia are also added 10 the makeup tank for oxygen and pH
control, respectively.

The tubing used for the tests was taken from Meat 2675, Thic heat of mill annealed Alioy 600
was fabricated by Westinghouse and has been useJ extensively in other stresy corrosion cracking
programs. The tubing has a 0.875 inch outside diameter.

Seres2Tesls: The initial program test pieces consisted of eight crevice simulants which were
mounted on two tubes. These tests were specified to produce rapid through wall cracking, so that
the 10X reference cracking chemistry was utilized Heat 2675 was also used for these lests.

One ‘est utilized chemically consolidated simulated plant sludge (tube 543), while the other used
mechanically consolidated sludge (lube 542). The sludge filled the entire crevice volume.

Primary to secondary leakage was noted in the chemically consolidated test atter 10 days of
boiler operation, and in the mechanically consolidated test after 24 days of operation. During the
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was changed because the doped steam testing found that this neat produced more acceleraled
corrosion than did the Westinghouse heat.

The design of the tes! specimens was also modified in order 1o reduce the magnitude of the eddy
current voltages. These modifications are outlined in Table 7.3. The specimens In test 1 were
configured 1o fit snugly around the tube (as did the teflon coliars in the series 1 tests), but the
height of the collars was varied between 0.25 and 0.7 inch. The expectation is that the shorter
collars shoukd limit the length of the cracks which can be produced.

The Inside face of the specimens In 1es! 2 were machined 10 produce a ¢rid pattern 1o limit the
crevice area between the tube and the collar, Six holes were first drillec around the periphery
of the Inside tace of the specimen, so that the crevice would have an approximate 30° arc width,
Two rings were milied on the face of three of the specimens. The rings had # with of 0.128
Inch, so that the face was divided Into three contact regions, with the outer regions having a
0.125 inch width and the central region having & 0.25 inch widih. A helicd patiern was
machined into the face of the remaining three specimens, with the width of the helix being 0.125
inch and the pitch of the helix being 0.25 inch.

The specimens in test 3 all had a 0.76 inch haight, but the diametral 97p width was varied
between a snug fit (as in tast 1), @ 10-m | gap, and & 20-mil gap. The pap width was varied
because previous test.ng has found that the aap width atfects e rate and location of corrosion.

Tests 4 and 5 both utilized chemically consaudated simulatsd plant sludge located adjacent 10
carbon steel tubs support specimens. Twn .ets of specimens having thicknesses of 0.25, 0.50,
and 0.75 inch were use” in each test. The sludge was consolidated over a 40° arc width within
the crevice. The 0.25 inch specimens contained one sludge region, which occupied essentially the
full thickness of a specimen; the 0.5 inch specimens coniained two sludge regions, separated by a
100-mil wide band at the center; the 0.75 inch specimens contained three slucge regions,
separated by two bands.

Test 6 contained carbon steel specimens having the same range of thicknesses as in 1ests 4 and 5.
Instead of using simulated plant sludge, however, the crevices remained empty, with the
specimens 2eing held in place with porous Inconel sinters located at each end of the crevice. This
design has baen used 10 produce accelerated intergranular corrosion in previous tests.

The 10X reference cracking chemistry was specified for use in tests 1 through 6. Because of
concern that this specification may produce excessive grain boundary corrosion and therefore
high bobbin probe voltages, two additional tests (7 and 8) were specified 10 utilize the 1X
chemistry. Test 7 utilized five Teflon specimens, while 1est 8 utilized four carbon steel
specimens. The specimens ulilize u range of designs selected from tests 1 through 6.

The eight tests accumulated between 06 and 328 days of operation, dapending upon the test.
Through wall cracks had been produced in five test pieces, with a few additional test pleces
containing partial through wall cracks. The designs of the test specimens having through wall
c-acks are presented in Table 7.4. As indicated in the table, three of the through wall cracks
were produced adjacent 10 teflon simulants in test 3. while the other two through wall cracks
were produced adjacent 1o carbon steel simulants. The only common feature of the crevice
configurations which produced the cracks is that the crevice length was always 3/4 inch,
perhaps suggesting that the shorter crevices could not produce sufficient superheat 1o promote
accelerated corrosion.






Nitrogen gas was used 1o pressurize the inside of the tube 10 4500 psi producing a differential
pressure across the tube wall of 1500 psi. The development of through vvall sracking was
detected by a drop in the internal prossure of the tube.

Table 7.5 summarizes the specimens iested in the doped steam environment. Two heats of mill
annaaled Alioy 600 tubing were used, Heat 2675 and Heat 96834L. Tha width of the clarp in
contact with the tube was typically 0.25 inch but larger clamp widths were also used in ar
attempl 1o vary the crack morphology. All of the tube displacements were sufficient to cause
outer fiber yielding. These displacements ranged from 0.030 to 0.008 inch. In general, the
smaller displacements resultad in shonter crack lengths and an increase in the test exposure
time. The eddy current voltages listed in Table 7.5 are preliminary values used 1o help decide
the disposition of the tube and should not be confused with the eddy current results provided in
Seciion 8 for the same samples using representative field inspection procedures. The crack
lengths shown in Table 7.5 are from optical measurements on the tube OD sur.ace obtained at low
magnification and may differ significantty from later destructive examinations. Same attempt 1o
control the length of crack Initiation sites was made on the last 7 specimens listed in Table 7.5.
Selected portions of these specimens were grit blasted. This procedure had no discernible effect
on crack initiation. Svlected specimens from Table 7.5 were forwarded for full NDE examination,
leak and burst testing as described later.

7.3 Fatigue Precracked Specimens

Through wall axial fatigue precracks were developed in 12 mill annealed Alioy 600 tukes by
cyclic internal pressurization. A starter flaw was spark machined half way through the wail of

1he 0.050 inch thick by 0.875 inch diameter tubing with a leigth of 0.25 inch. Cyclic internal
pressurization then was used to grow the crack through wall. A so* plastic bladder seal was then
inseried n the tube and cracks up to 0.70 inch in length were grown by a fatigue process. The
pressure was adjusted during fatigue precracking 1o maintain the maximum applied stress
intensity factor below 2§ ksi-vin.. The maximum plastic blunting of the crack tip was thus

kept below 0.0003 inch. Table 7.6 lists the fatigue precracked specimens, crack lengths and
number of cycles. The fatigue precracked samples have well characterized leak rates from
previous evaluations, although the leak rates are large compared to those for ODSCC cracks.
These samples were used in studies of the effect of denting at tube support plate intersections on
leak rates through cracked tubes.

7.4 Chemic Cen 4 Tubes

Fatigu s precrachk .. tubes and tubes with stress corrosion cracks were used 16 simulate cracked
tubes in tube support plates which are a'sc wented. Carbon steel collars werg used 1o simulate
tube support plates. These collars were drilled with the nominal clearance hole for 0.875 inch
diametur tubing. The cellars were then packsc with magnetite using a hydraulic press. The
pressed magnetite was crilled out to & tight fit hole for insertion of a precracked wbe. The final
configuration was a carbon steei collar with an inside diameter of 0.016 inch, a pressed 0.014
inch layer of magnetite and then the tube wall. The ends of these specimens were sealed and the
cpecimens werc exposed 10 a 0.2 M cupric chlcride s¢° tion in an autoclave at 572°F.

Corrosion of the sarbon steel ard a smaller reaction layer with the Alioy 600 tubing resulted in
corrosicn oroducts which tightly packed the tube-tube support plate crevice and ed 1o a sinall
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amount of denting of the tube. Table 7.7 ists the dented spocimens, the eddy current dent voltage
and the average estimated radial dent size.

A section through the tube and collar of specimen Trial-1 is shown in Figure 7-3. The paoked
magnetite and the corrosion proguc!s in the crevice are clearly eviden'. A scanning electron
photograph of the polished section in Figure 7-32 shows ¢o. eral layers of corrosion products
along with the starting layer of packed magnetite. The EDS nickel and iron maps of Figure 7-4
show that the corrosion product adjacent 1o the Alloy 600 iube is enriched in nickel and some
what depleted in iron. The corrosion product adjacent 1o the carbon steel collar appears 10 have
the same iron content as the packed magnetite layer. The corrosion product layers in general
appear to be relatively dense and any leakage path would be highly tortuous.

7.5 Crack Morpholnies

Plugging criteria which are partially based upon eddy current characterization, leak rate and
burst strength 1esting of laboratory specimens depend upon a reasonable simulation of actual
service produced cracks. The crack morphologies of service tubes, doped steam test specimens
and model boller test specimens are presented in this section  An intergranular mode of
cracking is common to cracks produced in these three environments. Figure 7-5 illustrates thig
fact with scanning electron fractographs. A furiher illustration of intergranular cracking is
provided by the metallographic details shown in Figure 7-4.

Stress corrosion cranking patterns on tha OD of Alloy 600 tubes at tube supprt plate
intersections range trom a few 1o many axial cracks distributed eround the circumference of the
tube. The model boiler te~t specimens alo show this characteristic. Figure 7-7 shows several
arrays of cracks and a larger singie crack. The cracks in the doped steam specimens tend 1o be
either a single axial network or axial cracks 180 degrees apart. This is due to the nature of
loading of the doped steam specimens. Clamping of the tube leads to a 180 degree symmetry of
stresses, bending across the wall thickness and outer fiber bendin stresses beyond the yield
point. In model boiler specimens, as in actual tube support plate intersections, the stresses are
unitorm around the circumference of the ube and the occurrence of single or miiliple axial
cracks is controlled by the crevice conditions. The differential pressure hoop stress is

relatively low, about 12 ksi. Hence the mode! boller specimens experienca essentially

prototypic loading while the doped steam specimens experience stresses far beyond actual
service conditions. The doped steam environment is substantially less aggressive than that
produced in the mode! boiler tests and thus clamping loads are required in addition to the
pressure stress to produce cracking in reasonable lengths of ime. The high stress clamped
condition of the doped steam specimens led 10 a higher degree of through wall cracking for a given
total axial crack network length and hence higher leak rates at a given eddy currer.: bobbin col!
voltage. Ancther complicating factor is the fact that relaxation of the through wali bending
stresses when the clamping fixture is removed can lead to contast across the *acas of the crack.
This would provide an eddy current path and reduce the bobbin coil veltage relative 10 a crack
with non-contacting faces, as in the mode! boiler specimens. The above considerations indicate
that the clampad test condition of the doped steam specimens produced non-prototypic stress
corrosion cracks, particularly as they relate to any correlation betwee”: bobbin coil voltage, leak
rate and burst strength. Therefore, only the model boiler specimen test results were added to the
data base used to develop ' *»e plugging criteria.



Table 7.1

MODEL BOILER THERMAL AND HYDRAULIC SPECIFICATIONS

Pritnary loop temperature

Primary loop pressure

Primary boller inlet temperature
Primary boller outlet temperature
Secondary T,,, at 5.5 MPa (800 pai)
Steam bleed

Blowdown

Nominal heat flux

327°C (620°7)

13.8 MPa (2000 psi)
324°C + 3°C (610°F = §°F)
313°C 1 3°C (595°F = 5°F)
271°C 1 3°C (520°F % §°F)
8 cm3 /min (continuous)

1 em3 /min (8 hr/day)

16.28 x 104 kcalm? -hr
(60,000 Btutt? -ho)



Table 7.2
DIRECTORY OF SINGLE TUBE MGDCL BOILER TEST SERIES 1,2, AND 3

INITIAL LEAK
TUBE PIECE SLUDGE TYPE IHRUWALL  IESTED

Series 1 - Archive Test Pieces

528-1-1 Chem. Cons. Yes No
628-2-1 Chem. Cons. Yes No
§30-1-1 Chem. Cons. Yes Yes
5§30-1.2 Chem. Cons. Yes No
§30-21 Chem. Cons. Yes No
§30-3-1 Chem. Cons. Yes No
530-4-1 Chem. Cons. Unknown No
533-11 Mech. Cons, Yes No
6§33.2-2 Mech. Cons. Yes No
53341 Mach. Cons. Yes Yes
53211 Frit Yes No
£§32-2-1 Frit Yes No
500-1-1 Mech. Cons. No Yes
£25-1-1 Frit No Yes
£35-11 Mech. Cons. No No
536-1-1 Eccentric No Yes
Series 2 Test Pieces
542-1-1 Mech. Cons. Yes Yes
F49.9.1 Teflon Sup. Yes Yes
542.-2-2 Mach. Cons. No No
542.3-* Mech. Cons. No Yes
542-4- . Mach. Cans. Yes Yes
543-1-1 Chem. Cons, Yes Yes
543-2-1 Chem. Cons. Yes Yes
543-3-1 Chem. Cons. No Yes
543-3-2 Chem Cons. No Yo
543.3-3 Teflon Sup. No Yes
H43-4-1 Chem. Cons. No Yes
Series 3 Test Pieces
557-1-1 Chem. Cons. No Yes
557.2-1 Chem. Cons. Yes Yes
558-11 Chromium Oxide Yes Yes
558-2-1 Chromium Oxide No No
553-3 1 Chromium QOxide No No
558-4-1 Chromium Oxide No No
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Table 7.3
SUMMARY OF SERIES 4 TEST SPECIFICATIONS

Collar No. of Thick. Crevice *

1 569/1 Teflon 2 0.25 Snug Fit 10X
2 0.5 Snug Fit
2 0.78 Snug Fit

2 567/9 Teflon 3 0.75 Mach'd Rings 10X
3 0.7 Mach'd Helix

3 568/12 Teflon 2 0.75 Snug Fit 10X
2 0.75 10 Mil Gap
2 0.7 20 Mil Gap

4 57072 C. Steel 2 0.25 Sim Plant 10X
2 0.5 Sim. Planmt
2 0.75 Sim. Piant

5 571/4 C. Steel 2 0.25 Sim. Plant 10X
2 0.5 Sim. Planmt
2 0.75 Sim. Plant

6 572/5 C. Steel 3 0.25 Frits, Empty 10X
3 U5 Frits, Empty

7 573/6 Teflon 2 0.25 Snug Fit %
1 0.5 Snug Fit
1 0.78 Snug Fit
1 0.75 Mach'd Rings

8 574/3 C. Steel 2 0.78 Sim. Plant 1X
1 0.25 Frits, Empty
1 0.75 Frits, Empty

*  Where a siudge type is listed, the sludge is chemically consolidated over a 40 to 60
degree arc width within the crevice; the machined rings are formed by dividing the tube
support plate circumterentially into six land regions, and axially into two rings having
a 1/8 inch thickness; the machiried helix is formed by dividing the tube suppo:t plate
circumferentially into six land regions, and axially into a helical pattern having a 1/8
inch thickness and a 1/4 inch pitch.



Test

Table 7.4

SUMMARY OF SERIES 4 TEST PIECES HAVING EDDY CURRENT SIGNALS

Collar Thick. Cravice Thru wall Leak
Tube Maierial (n. Configuration —heak Tesied
568-1-1 Teflon 0.75 Snug Fit Yes Yes
568-2-1 Teflon 0.75 10 Mil Gap Yes Yes
568-4-1 Teflon 0.7 Snug Fit Yes * Yes *
568.5-1 Teflon 0.78 10 Mil Gap No No
568-6-1 Teflon 0.75 20 Mil Gap No No
§71-141 C. Steel 0.78% Sim. Plant Yes Yes
§574-2-1 C. Steel 0.75 Sim. Piant No N
§74-31 C. Steel 0.25 Frits, Empty No o
£74.41 C. Steel n.78 Frits, Emnpty Yes Yes

Separate cracks were ideniitiec at the top 2nd bottom ends of the crevice.
Both cracks were included in the leak test.



Table 7.5
Summary of SCC Behavior in Doped Steam at 750°F

Specimen? Alloy Clamp  OD min Crack Network Bobbin Mix
Number Heat Width Deflection TWSCC Lengths Voltage

{in) {in) (hours) {in)
SL-FH-1 2675 0.75 0.030 143.1 1.20 57
SL-FH-2 2675 20 0.030 933 267 296 0.48; 0.27
SL-FH-3 2675 0.25 0.020 169.9 0.90 0.95; 8.5; 1.1
SL-FH-4 2675 0.25 0.010 261.3 0.63 74; 32
SL-FH-§ 2675 0.25 0.010 170.5 0.47 4.0
SL-FH-& 2675 0.25 0.005 98.2 1.45 52: 75 16
SL-FH.-7 2675 0.25 0.005 175.0 1.22 6.1
SL-FH-8 2675 0.25 0.005 2078  0.27; 0.34 1.5; 0.44
SL-FH-9 2675 0.25 0.005 118.0 0.97; 1.15 1.3; 3.9; 2.0
SL-FH-10 2675 0.25 0.005 118.0 1.20; 1.16 0.69; 1.7, 1.8
SL-FH-11 2675 0.25 0.005 119.9 0.50; 1.10 2.3; 57
SL-FH-12 2675 0.25 0.005 119.9 0.57; 1.63 1.9; 0.48
SL-FH-14 2675 0.25 0.005 307.8 0.67 22,562
SL-BW-1 96834L 075 0.030 95 1 0.72; 0.85 5415
SL-BW-2 96834L 2.0 0.030 353 1.65 6.0
SL-BW-3 96834L 2.0 0.020 58.0 0.78 7.4
SL-BW-4 96834L 025 0.020 64.5 1.10; 1.44 75 41: 43
SL-BW-5 96834l 025 0.020 164.4C 0.37; 0.50 0.48; 0.53
SL-BW-§ 96834L.  0.25 0.030 71.0 2.07; 2.35 8.0; 7.2
SL-BW-7 96834l 025 0.010 938 0.72 4.2
SL-BW-8 96834L  0.25 0.005 132.8 0.28 26
SL-BW-9 96834L. 025 0.005 334.0 065 43
SL-BW-1C  96834L 025 0.005 424.0 0.62; 0.17; 028 7.0
SL-BW-11 96834L  0.25 0.005 213.0 0.34 22
SL-BW-12  96834L 025 0.005 693.0 e 25
SL-BW-13  96834L  0.25 0.005 87.0 0.63 32; 34; 76
SL-BW-14  96834L 025 0.005 64.0 0.33 46
SL-BW-15  96834L  0.25 0.005 667.0d e 12; 23
SL-BW-16  96834L 025 0.005 500.0 0.20 4.9: 7.7: 46
SL-BW-17  96834L 025 0.005 146.0 14 1.8; 1.3; 2.8
SL-BW-18  96834L 025 0.005 3660d € NDD!
SL-BW-19  96834L 025 0.005 480.09 e NDD!
SL-2W-20  96834L 025 0.005 257.0d € NDDf
SL-BW-21 96834L  0.25 0.005 24300 e NDDf

SL-FH-13 rejected because of baseline NDE indication.

Leaked at 750°F; did not leak at room temp.; but had visible OD cracks.
Did not leak at 750°F. Test periodically shut down till OD cracis visible.
Did not leak at 750°F,

No OD cracks visible at termination.

No detactable degradation.

Teaoomwm!



Specimen  Cracklength — Numberof Cycles

FAT-1
FAT-2
FAT-3
FAT-4
FAT-§
FAT-6
FAT-7
FAT-8
FAT-9
FAT-10
FAT-11

Table 7.6

Fatigue Precracked Specimens

0.500
0.299
0.300
0.697
0.300
0.302
0.509
0.707
0.513
0.701
0.499

- 12

323,700
85,000
26,100

1,278,000
22,600

110,000

410,000

710,000

370,000

726,000

226,000



Table 7.7

Summary of Dented Specimens
Dent Average Radial Exposure
Specimen Yoltage Reat (inches) Time (hoyrs)
Trial-1 . ' 24
FAT-1 7.38 0.00037 24
FAT-2 6.09 0.00030 24
FAT-3 1211 0.00061 48
FAT-4 12.0 0.00061 58
FAT-S 455 0.00023 6
FAT-8 0.00 0.0 €
FAT-7 9.43 0.00047 24
FAT-8 17.42 0.00087 48
FAT-9 3.40 0.00017 6
FAT-10 2.50 0.00012 &
FAT-11 2.75 0.00014 &
BW-1 14.67 0.00073 24
BW-3 6.27 0.00031 24
BW-§ 6.38 0.00032 4%
BW-14 7.03 0.00035 48
.13
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8.0 NON-DESTRUCTIVE EXAMINATION (NDF)

An extensive NDE program was imp.emented to charactarize the laboratorv cracked specimers
and 1o assess the sensitivity associated with application of the bobbin coil voltage limits for the
tube plugging criteria.

The test program included tests 10 addriss some of the variablus associated with field
charac‘erization of degradation as follows:

1. Bobbin ,.robe voltage sensitivity 10 the length of the cracks, depth of the cracks, presence of
ligaments in the cracks and parallel cracks.

2. Multiple probes 1o address probe-to-probe varlations utilizing probes from Echoram and
Zolec.

3. Influence of tube to TSP crevice condition on bobbin coil response including open crevices,
packed cravir s, Incipient denting and fully developed dei'ing.

4. Bobbin probe voltage sensitivity 10 probe wear 10 establish fiell inspection requirements
for acceptable NDE uncertainties.

5. Variability among calibration standards, and normalization of the frequency mix.

6. Use of RPC to augment bobbin prove inspections, altthough the RPC data are not considered
essential 1o the development of (e pluggir; <. “eria of this repun.

The NDE results for the laberatory specimens are utilized in later sections tu establish the
relation of eddy current voltage response 10 potential leakage and burst pressure as the basis for
the tube plugging criteria.

Establishing a relationship between the bobbin coil response and tube integrity (leakage, burst
considerations) is important to inspection planning. A relationship helps determine the
importance of detecting degradation with a small amplitude. That is, can "small* indications be
ieft in se/vice and have negligible consequences for safe operation. Dagraration exceeding
present plugging limits, whose bcobin coll eddy current response was no! detasted as rsadily as
would equivalent size notches, has been confirmed bv destructive examinations.

The morphology of the irtergranuiar corrosion can explain the lack of an eddy current response

for small cracks. The observed field dagradation, multiple short cracks coupled with an
intergranular nature, allows paths for the eddy currenis 1o pass uninterruptsd through the
de_-~dation. An appreciation for why this phenomenon can account for the lack of an eddy

Curre:., response has come from the use of liquid metal modeling techniques. Using ihis
tachnique, degradation is simulated as inserts in liquid metal, and degradation morphologies that
are aifficult or impossible to machine can be easily simulated, The difference in response

between "real" cracks and notches have been modeied by varying the contact between the faces of
the crack. In ihat work, interfacial contact of 50% reduced the eddy current response by a

factor of 5. An example of this behavior was found for the doped steam specimens cracked with
high appliad hoop stresses. These specimens were found Ic have lower voltages than expected for
the (re .k sizes pre sem in these tubes. This result is judged 10 be the consequence of crack face
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contact as a result of removing the applied stress. Similarly, the voltage sensitivity tests

reported here show large voltage increases as ligaments between cracks are lost. Tho presence of
crack ligaments and partially degraded grain boundaries provides an explanation for the lack of
eddy current response associated with field induced deq adation, Further, the presence of these
ligaments and the low instance of primary coolant leakage associated with this degradation mode
sugpests that there is residual sirength associated with these ligaments. Thus, significant
degradation depths may result in less severe ioss of strength than was assumed in determining

the plugging limits based only on crack depth, F2r this reason, plugging criteria are based on
voltage responses correlated to tube integrity through the voltage versus burst pressure andg
leakage correlations.

8.1 Voltage Sensitivity to Crack Morphology

A series of eddy current lests were performed 10 establish voltage trends with crack morphology
10 characterize voltage as a mea“ure of lube integrity. 'n most cases, machined specimens were
used 1o simulate degradation features. This section describes using simulated cracks and
volumetric indications. In addition, voltage measurements for laboratory specimens and pulled
tubes with IGA degradation are summarized to assess detectability of IGA.

Yoltage Sensitivity Using Slits in Copper Foil

To establish the general trends of bobbin coil voltage amplitude to crack morphulogy, sensitivity
1ests were performed using slite in a nylindrical copper foil to simulate varying crack lengths,
ligamants and paraliel cracks around the tube circumference. The copper foll was placed around
a plastic tube. The various crack morphologies simulated by the slits in the copper foil , and the
associated voltage responses are shown in Figure 8-1. For each combination of simulated cracks

in Figure 8-1, the total crack network length is equal to the TSP thicknees of 0.75 inch. The
vertical cuts be:wen the paralle! axia! cracks simulate loss of ligaments betweern cracks.

The voltage trends of Figure 8-1 show that the vollage increases with:
0 Increasing crack length
o Increasing number of cracks arcund the tube circumference, and
0 Loss of ligaments between cracks.

Additional information on the functional dependence of bobbin signai voltage on lannth and depth
of axial cracks was obtained using EDM slots in 7/8 inch OD, 50 inil wall alloy 601 1wning as
shown in Figure 8-2. The signal voltages for the sluts represart the upper bound fer the signal
voltages expecte.. far actual cracks of similar length. For the 100% -eep slots, the signal voltage
increases steeply w..h s'ot length up to abou! 0.5 inch ang contnues to increass up to one inch,
after which It tends to level off. For the 50% deep OD siots, tie signal amplitude Increases with
slot length up to about 0.250 inch after which it levels off. The signal amglitude increases by a
factor of about 50 for 100% deep slots as the siot length increases fram 0.03 inch to 1.0 inch; it
increases by a tactor of about 4 for the 50% deep OD slots over the same range of crack length.
it may further be noted that for longer slots. there is a greater increase in the signal voltage as
the depth increases from a shallow dep. 1o 100%. For example, for 1/4" slots, the voltage
increases by a factor of about 50 as the a;:th increases from 50% to 100% where as for 60 mil
long slot it increases by only a factor of 10 for the same range of depth change. Voltage mcreases
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in an exponential manner with depth for a given siot length. For example, the voltage for a 1/4*
slot increases from abc ut § volts at 0% depth 1o 40 volts at 100% depth. Overall, the voltage
amplitude is particularly sensitive 10 deep wall penetration and crack len 'h; this is the desired
dependence for voltage as a severlly index for tube integrity.

Figure 8-2 also shows the data for three slots with depth varying along siot length. The central
1/3 of each slo' had 100% depth which tapered off to 0% at the ends. The signal amplitudes for
these sic', with tapered ends are, as expected, higher than for the thirough wall rectangular slots
when plotted agains! the through wall slot lengths. Figure 8-3 shows a plot of percentage
increase in signal amplitude above that for a uniform through wal! slot resulting from the tapers
as a function of the 100% deep portion of the siot length. As the through wall length increases,
the influence of the partial depth slot decreases such that for lengths greater than about 0.25
inch, the partial depth slot length has negligible iniiuence on the voltage amplitude.

Figure 8-4 shows the signal amplitudes for the axial slots obtained by using the rotating pancake
probe with a 125 mii diametar coll. This data is qualitatively similar 10 the bobbin data of

Figure 8-2. Figure B-5 gives a plot of bobbin voltage vs. RPC voltage foi the slots showing a
vorrelation betwaen the signal amplituries expected from the two types of probes. It may be noted
that for both the botibin and the RPC p: ubes, the amplitudes are dominated by the deepest part of
the slots. A wel' delined correlation betwe *n hobbin £ 'd RPC voltages is seen for the single slot
data.

The affect of ligament within the crac- length on the eddy current signal voltage was studied by
varying the axial distance betwesn two 0.125 inch long 100% deep axial slots. The results are
shown in Figure 8-6. The bobbin signal voitage drops by approximately a tactor of 2 when a
ligament as thin as 8 mils is placed in the middle of the two slots. The bobbin s.gnal voitage is
relatively insensitive '~ any significant increase in the spacing neyond 16 mil. RPC vollage is
also ser ~Crease with increasing ligament size although the rate of decrease for small
ligamen 48 than for the bobbin coll, Since the small 16 mil ligaments within a crack
cannot be J'stinguished by eddy current, the voltage increase with loss of ligaments supports
voltage as a seveity index for tube integrity.

A variation in bobbin signal amplitude ic expected in case of parallel, multiple axial cracks

spaced around the circumference of the tube. This effect can again be studied using EDM slots in
the Alloy 600 tubing. Figure B-7 shows the affact on tha signal ampliti de of varying tha

spacings between four through wall axial siots. The signal amplitude increases by a factor of
about three as the spacing between pa:alle! slots increases from a few mils 1o 700 mils. Closely
spaced paraliel siots do not show an increase in voilage above thal of a single siot. The signal
phase angie decreased by about 10 degrees at 400 kHz for this entire range of spacing.
Qualitatively, a similar result was found for 50% deup D axial slots.

The pusitioning of degradation near the end of the TSP can potentially influence the responsas
with the principal contribution due to the mix residual that occure at these locations. This
response is typically small compared to the voltage plugging limits so that the amplitude of

sigr ificani degradation will not be irfluenced by this residua.. To demonstrate the TSP edge
effects, bobbin coil measurements were made on 1/4-inch EDM slots of 50% and 100% depth.
Measurements were made for the siot at the center of the TSP and at tre inside and outside edges
of the TSP. Resuits of these measurements are given in Table 8.1. It is seen that the voltage
values for th~ crack within the TSP are essentially the same at the center and at the inside edge of
the TSP. '« tions in voltage with the slot inside the TSP are <2% for both 50% and 100% deep
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notches. whila moving the slot outside the TSP increased voltages by 5%-10%. The bobbin coil
indicated depth changed by 29% as the 50% slot was moved from the center 1o the outside edge of
the TSP. Thesa results support the conclusion that amplitude responses to degradation on the
order of the 3-4 volt plugging limits will not be significantly impacted by the location of a crack
within the TSP,

Genera! conclusions fram this eddy current evaluation of axial slots are:

0 Both bobbin and RPC volage amplitudes increase sharply with axial crack length up 1o about
one inch for 100% deep siots.

©  The voltage increase is mucn simaller for partial depth OD axial slots and voltage does not
incraase significantly with length for slots greater than about 1/4* long.

©  Signal amplitude is dominated by the 1¢ )% deep portion of the slot,

o Bobbin coil signal voltage is a tunction of spatial separation between paralle! axia: lote,
Very closely spaced slots show an insignificant increase in the voltage over that of a single
slot,

0 A correlation exists between RPC and bobbin voltages for single slots. However, bebbin
vollages increase for parallei siots while R~C voltage can be isolated 10 a single siot provided
slots are adequate'v separated 1o permit resolution of each slot.

0  The presence of a small ligament between two axial slots reduces the signal voltage.

0 Amplitude reponses to denradation on the order of the voltage plugging hmits are not
significantly influenced by the kocation of a crack within the TSP.

©  Both bobLin and RPC voltage am,.litudes from siots represent an upper bound for the
voltages expected from cracks of similar length ana depth.

These results demonstrate the use of the voltage amplitude as a crack severity index for tube
integrity assessments. Voilages increase with incraasing crack length, with increasing depth
particulerly near through wal' penetration and with loss of ligaments between cracks.

The general concep! of ralating voltage 10 burst pressure can be demonsirated by combining data
for voltage vs. slot lengih with burst pressure vs. slot length data. Figure 8-8 demonstrates the
resulting voltage/burst corralation  Voltages for siots are not typical of cracks but the general

trend and siope are similar to that later developed in Section 9.6 from burst testing of cracked
tubes. As intuitively expected and shown even for machined specimens, & given voltage amplitude
€oes not define a unique crack mcrphology. Thus a spread in burst pressures for a given vellage
is expected. This spread is accommodated in the plugging criteria by using a voltage/burst
correlation at the lower 95% confidence band of the test data. Various crack mcrphologies
involving variabies such a: length, depth, ligaments, multiple cracks, ete. influence the spread

of the data and thus the resulting tube plugging limit,

Voitaos Sanglivit 1 Vehimatrc (en-Crack! indican

Itis desirabie to compare voltage amplitudes for volumetric indications 10 those associated with
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plugging levels for ODSCC cracks. Given delect specific plugging criteria for ODSCC at TSPs,
these oor . irisons help to guide the importance of distinguishing QDSCC from other types of
degradativn. The plugging criteria of this report establish a bobbin voltage threshold above

which RPC inspection is required to tacilitate identification of ODSCC from other types of
degradation. These voltage comparisons provide guidance on setting the bobbin voltage threshold
for RPC inspection.

Typical bobbin coll vitage amplitudes were developed from laboratory simulations of
volumetric degradatic n as developed below and summarized in Table 8.2

Wasage: Flat rectangular shaped flaws of different depths were machined to simulate tube
wastage: the bobbin signal amplitudes as a function of maximum OD depth for 1/4°
and 1/8" long machined flaws are shown in Figure 8-9. In addition, tapered flaws
were machined to simulate the tube wastage shapes observed at some plates. Figure
8-9 shows the bohbin signa! voltane as a function of maximum OD depth for tapered
flaws.

Fretting: Flaw shapes somewhat sim.ilar 1o the tagered flaws shown in Figure 8-9 are
observed from fretting. Thus, the data of Figure 8-9 can be used to assess the
voltages expevted from fretting.

Pitting: Figure 8-10 shows the bobbin signa! ampiitude vs diameter of machined through
wall holes simulating 100% deep pits. Pitting observed in operating S/Gs occurs as
Multiple pits for which voltages are significantly higher as noted in Tablc 8.2. The
data irom ASME flat-bottom holes of partial depths may be used fo- estimating the
signal voltages expected trom partial depth QD pits.

Cold Lag Thinning: Pulled tube data from two ditferent plants with cold leg thinning were
reviewed and are summarized as follows. In ane case, a flaw at the secend TSP in the
cold leg with a8 maximum wall penetration of 48% had a bobbin ampli* 4 of 4 volts,
Figure 8-11 shows a photog-aph of the OD surface at the degraded location. In the
second exampla, which was also at the second TSP in the cold lag, a marimum wall
penelration of 5§9% yielded a bobbin amplitude of 4.9 volts. Examination of the
pulled tubes showed no cracks in I ase tubes and the degradation was ident fied as
“cold leg thinning "

The data of Table 8.2 and supporting figures indicate that bobbir voltages would exceed about 2
volts, as limiting by pitting degradaton, before being a concern for tube ‘tegrity. A single pit,
simulated by 30 and 60 mil through wall holes wouid have voltages of about 2 and 7.5 volts,
respectively. Pitting typically occurs as multiple pit in uperating S/Gs with higher voltage

levels as noiad in Table 3.2. Cold leg thinning at 50% depth will yield a bobbin amplitide of over
4 volts.

Basad upon the above noted voltage levuls, volumetric indications with bubbii voltage amplitudes
exceeding atout 2 volts shoulc be inspected using RPC probes 1o aid characterization of the
causative mechanism. Volumetric indications less than this voltage amplitude would be expected
to be acceptable for continued service ana separation of the causative mechanism frorm ODSCC
would not be critical to assure lube integrity.



1GA Detectability

Limited laboratory specimens and pulled tubes at TSP intersections with significant IGA are
currently available fc - assessments »f detectability and tube integrity. Available laboratory IGA
specimens were prepired as long ( 10 6 inches), uniform IGA 1o assess detectability in
unexpanded regions of tubesheet crevices. Data from three domestic tube 19 TSP intersections
from Plant L (R12 C8), one from Piant M-2 (see Section 4), and three from Plant N-1
(non-Waestinghouse) are available. Some French data obtained from EdF for TSP indications can
also be assessed. The general morpholony of the French indications is more like Plant L tube R12
C8 than indications in other domestic plants.

Three sets of laboratory IGA specimens are avallable for NDE assessments. Two are
Westinghouse samples and the third represents sampies prepared by Westinghouse under EPRI
sponsorship (EPRI NP-5503). The two Westinghouse sets of spacimens represent laboratory
IGA under accelerated conditions and provide uniform wall panetration IGA over 4 1o 6 inch
lengths. Bobbin coll detection for these specimens is shown in Figure 8-12. Figure 8-12a
represents specimens prepared using sensitized tubing and shows very high bobbin coil
~nplitudes. Figure 8-12b shows bobbin coil responses using non-sensitized material. The
non-sensitized material shows much lower amplitudes. Methods of sample preparation were
refined for the EPRI program 10 further improve comparisons with field experience,

The EPRI specimens were prepared using a 50% caustic and 12% chromium oxide environment
at 650°F for ug to 10,000 heurs. Teriperatuies in some cases were increased 10 700 °F 1o
accelerae the corrosion 1ate such that 21% penetration was obtained in 35 days. Even under the
accelerated laboratory conditions, the times to create IGA are very long compared 1o preparation
of ODSCC specimens. Specimens in the range of 2 10 30% .early uniform wall penetration were
obtained in this program. Figure 8-13 shows typical NDE results for 20% oeep IGA. The bobbin
coil differential 1ests reveal the uniform IGA whereas the RPC results are not particularly
revealing. Voltage amplitudes are not available for the sampies that were dsstructively
@xamined. Bobbin coll measurements of library sampies were performed with the results given

in Table 8.3 These samples show voltage amplitudes of about 1-2 volts where the IGA depth is
expected to be <30% deep and are NDD (no detectable degradation) where denthe of a few narcent
are expected. Deep cracks within the samples were detected with amplitudes of 4-40 volts.
These samples are more representative of field IGA t+4n the Figure B- 12 samples although only
limited pulled tube data for uniform IGA are available tor direct comparisons.

As described in Swuction 4.0, a pulled tube from Plant M-2 stuws IGA with cracks up 2 26%
depth. This tube had a voltage amplilude of 1.8 volts, which is high compared to tubes with
principally ODSCC at comparable depths as shown in Figure 6-9. The signal amplitude is
comparable 1o the laboratory specimens of Table 8.3, although lower than the specimens »f
Figure 8-12.

Three pu'led tube results from Piant N-1 with egg crate supports are also shown in F igure 6-9.
These data lor IGA degradation also support IGA detectability at voltage levels comparable or
higher thar that for ODSCC with minor IGA.

The recent pulled tube (R12 C8) indications from Piant L were detacted by pre-pull bobbin coil
inspection. Table 6.2 and Figure 6-9 show the voltage and maximum depth for the three Plant L
indications as compared 1o other pulled tube results. it is ssen that the Plant L voltage levels are
typical of the rest of the population of pulled tubes with le3s IGA involvernent than the Plant L
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tube R12 CE& crank morphology, which shows patches of IGA with IGA/SCC cracks.

Figure 6-9 also shows voltage amplitudes for lube to TSP intersections removed from “rench
units. The French data show voltage responses toward the high range of ihe data. Ths French
crack merphology is IGA + SCC as shown in Figure 6-5. The Plant L, M anc N morpheiogies also
show IGA + SCC.

Overail, ihe available pulled tube results show comparable voltage responses relative 1o
maximum depth with no definabie dependence on IGA involvement within the broad soca'ter of the
data. The laboratory uniform IGA samples show significant voltage responses at 30% ¢ pth. The
available pulled tubes with significant IGA levels show IGA with cracks and have baen fe und 1o he
detectable indications.

8.2 Probe Comparisons

To address concems that the results of the study might be limited 1o a specific probe, prbes
from diffe: ant eddy current probe vendors (Echoram and Zetec) were used. Both probes were
norninally 0.720 inch in diameter and incorporated the latest technology for centering. The coils
on each probe were nominally 0.06 inch wide and were spaced by 0.06 inch. Initially each of the
probes was used with two different sets of frequencies duplicating typical field inspection
configurations. The first set of frequencies (configuration |) was 400, 200, 100 and 10 kHz.

The second (configuraiion I1) was 600, 400, 100, and 10 kHz. Review of the data indicated no
significant diffarences in the results from the ditferent probes for the different frequency
configurations.

Comparisons were made between the data obtained from probe Er and probe Zt for the cracked
lube specimens. The probies have different fraqueicy response characteristics: Probe 2t gives a
Qreater response at 100 kMz , while probe Er has a larger response at 600 kMz rince . is
designed fo. higher frequency operation than the Zt probe. This difference is not a significant
issue and s noticeable only as a consequence of the way in which the voltage calibrations have
been derived. Table 8.4 gives the voltage measured by probe 2t divided by the voltage measured
by probe Er for the EDM calibration notches. As can be observed for each frequency, the
difference between the probe responses is a constant factor for all notches. This apparent

v riation between the probes can be eliminated by calibrating each of the frequencies

i Zividually rather than 'sing the 400 kHz calibration factor, or by calibration at the planned

mix frequency. The I~iwr approach is recommeiided as a pan of the plugging criteria of this
report.

The results for the 400/100 kHz Mix channel were fortuitous. Plots of the measured voltage for
various indications from probe 2! versus the voltage from probe Er incicate a one 1o one
correspondence for both amplitude and depth (Figures 8-14 10 8-16). The correspondence
between the mix channels of the two probes is due to the fact that the 400 kHz chan~ el is being
used both as the "primary” mix frequency and 1o set the calibration factor. If another frequency
is used as the prime-y mix frequency (i.., 100 kHz) the apparent mix amplitudes wili differ.
Table 8.5 gives the measurement of the ASME hoies using a 100/400 kHz mix for the two
different probes. As can be seen the results from the two probes differ by a constant multiplier.
As with the individual frequencies, this tactor can easily be accornmodated by using a different
calibration procedure.



The bobbin coil inspections were supplemented by two RPC: examinations, also with probes from
the two eddy current probe vendors noted above. However only one set of frequencies (400,

200, 100, and 10 kHz) was used for both RPC probes. The data gathered during this phase of the
program were usad primarily as a qualitative tool in assessing the extent of the degraaation,

8.3 Influence of TSP Crevice Condition

For some specimens, the crevice hetween support and the tube v.as packed with magnetite and the
sample was inspected again with the bobbin coil. Table 8.6 corripares the data from the two
inspections. With the exception of sample BW-11 the amplitude cf the responses from the
samples changed by approximately 10 %. Sample BW-11 showed a 50 % increase in ampiitude.
When tt » = nport was removed from the samg.e the degraaation response had indeed increased.
indicati - ' ' the presence of magrietite in the crevice dic! not cause tha increase in response,
rather the . sceSS of packing the crevice had mec! «aniceily deformed the sample causing further
loss of ligaments and a subsequent increase in response. Additional evidence for the minima!
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