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ABSTRACT

This report evaluates the available technical information and field eperience
related 10 management of aging damage .o light water reactor metal containments.
A generic aging management approach is suggesied for the effective and compre-
hensive aging management of metal containments to ensure their safe operation.
The major concern is corrosion ef the embedded portion of the containment vessel
and detection of this damage. The electromagnetic acoustic transducer and half-cell
potential measurement are potential techniques to detect corrosion damage in the
embedded portion of the containment vessel. Other corrosion-related concerns
include inspection of corrosion damage on the inaccessible side of BWR Mark |
and Il containment vessels and corrosion of the BWR Mark 1 torus and emergency
core cooling system piping that penetrates the torus, and transgranular stress corro-
ston cracking of the penetration bellows. Fatigue-related concerns include reduc-
tion in the fatigue life (a, of a vessel caused by roughness of the corroded vessel
surface and (b) of bellows because of any physical damage. Maintenance of surface
coatings and sealant at the metal-concrete intrface is the best protection against
corrosion of the vessel.
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EXECUTIVE SUMMARY

This report is prepared for the USNRC Nuclear
Plant Aging Research Program, Its primary
objective is to evaluate aging damage to light
water reactor (LWR) metal containments, which
are ranked high among the major LWR compo-
nents for their importance to plant safety, and to
suggest a generic, comprehensive approach to
assess and manage the damage. The report is
based solely on the review of available technical
information, field experience, and consultations
with experts; no new basic research or develop-
ment has been carried out in preparing this repoit.
The report focuses on BWR Mark | and PWR
cylindrical containments, which represent more
than three fouiths of the LWR metal containments
in the United States.

Aging degradation is defined as a cumulative
degradation of a component, system, or structure
which, if unmitigated, may result in a loss of
function and impairment of safety. Poor design,
improper materials selection, ¢ inadequate
maintenance practices can accelerate the aging
degradation,

The generic assessment approach includes
review of plant design and operational data to
estimate aging damage specifically caused by
corrosion and fatigue, evaluation of inservice
inspection technigues to characterize aging dam-
age, prediction of aging damage during the next
operating period, and identification of mitig..jon
techniques so that acceptable safety margins are
muaintained during the next operating period.

Assessment and Mitigation of
Corrosion Damage

The carbon steel metal shells of BWR Mark [
and PWR cylindrical containments are suscepti-
ble 10 several different corrosion mechanisms:
general corrosion, pitting, crevice corrosion, dif-
ferential aeration, microbially influenced corro-
sion, aggressive chemical attack, and galvanic
corrosion. The major concerns include corrosion
of the embedded portion and the maccessible side

of the metal shell, corrosion of the BWR suppres-
sion pool below the water line, and loss of corro-
sion protection because of deteriorated coating on
the metal shell and sealant at the concrete-metal
interface. If the cracks in the concrete beneath the
embedded portion of the containment shell are
connected so as to form a path through the base-
met, and if the rubber membrane underneath the
basement is ruptured, aggressive groundwater
(with high chloride. sulfate, and oxygen levels)
may reach the uncoated outside surface of the
embedded portion, making it susceptible to pit-
ting. A portion of the inaccessible outside surface
of the Mark I drywell adjacent to the sand pocket
is uncoated and 1s susceptible to corrosion if there
1s any leakage of coolant from the refueling pool.
The outside surface of the Mark [ drywell is also
susceptible to crevice corrosion if the compress-
thle filler material is present in the gap between
the drywell and secondary shield wail. Moisture
may become trapped against the vessel and leach
out corrosive constituents, such as magnesium
chloride, present in the filler material.

T'he gradient in the oxygen concentration in the
BWR suppression pool coolant makes the region
just below the waterline susceptible to corrosion
by differential aeration. Such gradients in the
moist sand in the sand pocket may cause similar
corrosion damage to the adjacent outside surface
of the drywell. The suppression pool water and
moist sand in the sand pocket may provide an
environment to support microbially influenced
corrosion. The BWR Mark I emergency core
cooling system pipes, which penetrate the sup-
pression pool below the waterline and constitute
the containment pressure boundary, are suscepti-
ble to pitting. Aggressive chemicals such as
borated water in PWRs, sodium pentaborate in
BWRs, and decontamination fluids will cause
corrosion of the metal shell if in contact. The
potential sites for galvanic corrosion in metal
containments are in the carbon steel vent and
penetration lines near their connections 1o stain-
less steel bellows.

Visual and ultrasoni - inspection techniques are
currently used to detect corrosion of metal

NUREG/CR-5314



containments, Visual mspection is generaily osed
to detect any deterioration of surface coating that
may be considered as an indicator of possible
corrosion damage to the shell underneath. How-
ever, visual inspection cannot detect any damage
under an intact coating,

Ultrasonic testing is used 1o detect and size cor-
roston damage 1o the containment shell by mea-
suring its wall thickness, if at least one side of the
shell is accessible. Wall thickness can be
measured either by a commercially available dig-
ital thickness gauge or by a conventional vltra-
sonic transducer that displays the echo signals on
an oscilloscope (A-scan). A digital gauge is not
rehable 1o measure the thickness of a significantly
corroded wall because the rough surface seatters
the ultrasonic signal, resulting in an incorrect
thickness measurement. For example. a typical
digital gauge can give a measurement error of 20
to 40% 1f the surface roughness is 0.2-mm root
mean squar :, which is equivalent to an average
pit depth of (.56 mm (24 mils) with a surface pro-
file assumed to be sinusoidal. A thickness gauge
with an oscilloscope circuitry or a conventional
ultrasonic transducer will display any signal scat-
tering on the oscilloscope and, thus, warn of
incorrect thickness measurement. A focused
transducer with a water column for coupling the
ulirasound can provide more reliable thickness
measurements to a certain higher level of surface
roughness; after which, its performance also
degrades. Trending of wall thickness measure-
ments may be used to determine the corrosion
rate needed for aging management.

Advanced wechnigues such as the electromag-
netic acoustic transducer and half-cell potential
measurement are the potential technigques 1o
detect corrosion damage in the embedded portion
of the containment vessel, which 1s not accessible
for inspection by conventional inspection tech-
nigques. In laboratory tests on a large rectangular
plate [4.9-m (16-ft) Jong, 2.1-m (7-f1) wide, and
25.4-mm (lan) thick], electromagnetic acoustic
transducers detected large corrosion-like defects.
Half-cell potential measurement has been suc-
cessfully used 1o detect any corrosion zones in the
reinforcing bars before appreciable damage

NUREG/CR-5314
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occurs: however, this technigue cannot size the
damage.

Kecently developed underwater technigues can
be used to detect corrosion damage to the sub-
merged surface of the pressure suppression pool
wall without draining it. These technigues include
ultrasonic mapping of critical areas, coating adhe-
ston fests, and measuring the dry film thickness of
¢oatin 1.

Mainwonance of coatings and sealants is the
best protection against corrosion damage. Zine-
nch primer with a phenolic top coating on the
inside and outside surfaces of the containment
can provide better corrosion protection than red
lead or epoxy coatings. However, several areas
such as the outer surface of the Mark 1 vessels are
inaccessible to recoating. Application and main-
tenance of a sealant at the concrete-metal inter-
face can prevent entry of moisture and, thus,
provide protection,

Degradation of Coatings

The stressors responsible for coating degrada-
tion are temperature, condensation and immer-
ston, radiation, base metal corrosion, and the
activities, such as transportation of an equipment
during maintenance, causing physical damage. At
high temperatures. coatings disintegrate and stop
providing corrosion protection. An epoxy coating
disintegrates at 120°C (248°F). The disintegration
temperature for zinc-nch coating is higher, If
enough radiation is present, a coating will disinte-
grate by ionization. Once moisture and oxygen
penetrate through a coating, Jocal corrosion of the
metal surface can result and propagate, Areas
where condensation and immersion may degrade
coatings are also the most likely sites of acceler-
ated corrosion of the base metal undemneath. Ther-
mal effects on coatings include differential
thermal expansion between coating and base
metal, which may cause cracking in the coating.
Physical damage such as gouge marks, cracks, or
pintholes can permit moisture to reach the substrate
metal through the coating. With time. corrosion of
the base metal spreads and lifts the coating, which
i tum exposes a larger base metal surface to mois-
ture and accelerates coating deterioration.
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Assessment of Fatigue Damage

Metal containment vessels are designed for
loads imposed during normal operation; hence,
the resulting fatigue damage is small. However,
its fatigue life may be sigmficantly reduced if the
vessel surface has become significantly rough
because of corrosion damage. As pits form on the
surface, new sites for ratigue crack initiation
become avatlable, and the initiation time may be
significantly reduced.

Fatigue is a major design consideration for bel-
lows, which are part of the containment penetra-
tions and the Mark-1 vent lines and constitute part
of the containment pressure boundary, Fatigue
damage. caused by relative thermal movement
between the containment vessel and the high-
temperature process piping, is not significant pro-
vided that the bellows are not physically
damaged. Scratches or sharp dents incurred dur-
INE CONSITUCHion or operalion create stress con-
centrations that can significantly reduce the
fatigue hife; however, inservice inspection can
detect such physical damage and the damaged
bellows can then be repaired or replaced.

Current inspection techniques for charactenz-
ing fatigue cracks in metal containment shells
nclude visual inspection, liquid penetrant inspec-
tion. magnetic-particle testing, eddy-current test-
ing. and magnetography. Visual inspection can
detect a fatigue crack in the base metal under-
neath the coating only if the coating is deterio-
rated. Other technigues can detect a crack
underneath an intact coating. Detection of a flaw
by magnetic particle testing through a coated sur-
face depends on the flaw size, shape. depth,
orientation and location, and on the thickness of
the coating. The sensitivity of eddy-current test-
ing is not as influenced by coating thickness and
lest position as is magnetic particle testing. Eddy-
current testing s an effective complementary
technique for use on coated surfaces to detect
flaws in the toe of a weld. Magnetography has the
advantage that the noise signals from flaws can be
suppressed and the output can be displayed on an
oscilloscope. This technique can be employed for

X

inspecting underwater surfaces and improperly
cleaned weld surfaces.

Field Experience

The Oyster Creck plant experienced corrosion
damage on the external, uncoated surface of the
drywell adjacent to the sand pocket. Refueling
pool coolant leaked at the bellows drain line
gasket, and it also leaked through the fr igue
cracks in the pool's stainless steel liner into the
gap between the drywell and the shield wall dur-
ing a refueling outage. The corrosive contamin-
ants such as chlorine, bromine and sulfate ions,
were largely responsible for corrosion damage.
The drywell wall thickness was measured with a
conventional ultrasonic transducer (A-scan). As
of 1987, the thickness in the worst-atfected sand
pocket region was reduced to 21.30 mm
(0.838 in.) from the as-fabricated thickness of
29.30 mm (1.154 in). As of 1991, the reported
upper and lower bound corrosion rates near sand
pocket elevations were .52 mm/year (20.5 mils/
year) and .44 mm/year (17.4 mils/year), respec-
tively. At an upper bound corrosion rate of
0.52 mm/year, the drywell shell thickness is pro-
Jected to be acceptable until January 1994, Such
wall Cranning. 1f unchecked, could potentially
lead to a through-wall crack and leakage. The
cracks in the stainless steel liner were repaired to
stop leakage of the coolant: however, the corro-
sion continues because of contaminants and the
small amount of moisture stifl present in the sand.
Cathodic protection was applied to inhibit further
corrosion of the outside surface, but proved
unsuccessful and it has been discontinued.

Proposed surveillance for this corrosion prob-
lem includes checking torus rooms, sand cushion
drain lines, and drywell seal bellows drains for
the presence of any water during refueling. Bore-
scope inspection of the drains can venfy that they
are not blocked. Installation of flow alarms on
bellows seals can warn of any possible water
lcakage Representative carbon sieel specimens
can be inserted into the sand pocket around the
drywell and withdrawn periodicaliy to check for
any indication of corrosion,

Recently, & long-term repair to stop the corro-
sion of the Ovster Creek drywell was completed.

NUREG/CR-5314
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The repair included removal of the sand from the
sand pocket, removal of corrosion products,
cleaning of the affected surface, inspection of the
drywell (which did not reveal any deep pitting),
and recoating the drywell surface with epoxy.
Twenty-in.-diameter access holes (manways)
were drilled through the shield wall about 12-in.
away from each of the ten vent lines to reach the
affected drywell surface. The sand was not
replaced, and the manways were left in place. The
structural anaiysis vesults confirm that these
changes do not jeopardize the structural integrity
of the drywell.

The inside surface of the uncoated torus shell
of Nine Mile Point Unit 1 experienced corrosion
damage immediately below the waterline. The
torus wall inside surface had experienced an over-
all corrosion rate of 0.08 mm/yr (3.2 mil/yr),
which is double the expected (design) rate of
0.04 mm/yr (1.6 mil/yr). In addition, the portion
of the torus wall below the waterline might have
also experienced pitting. Repair of the pitted
areas followed by coating of the inside surface
will reduce the corrosion damage. Cathodic
protection might be used for corrosion pro.ection
of the inside surtace of the torus.

The outside surface of both Units | and 2 of the
McGuire and Catawba plants (ice-condenser-type
PWR containments) experienced corrosion at the
metal-concreté interface. Borated coolant leaking
from instrumentation line connections puddled
on the floor and caused corrosion. Corrosion
damage at the McGuire plants was more severe
than that at the Catawba plants. Actions taken to
reduce or prevent further corrosion damage
included weld repairing and recoating the dam-
aged areas, and sealing the accessible areas
between the containment and concrete floor.

The inside surface of the metal containment at
McGuire Unit | experienced corrosion damage at
two locations. The corrosion was located at upper
and lower floor levels under the ice condenser.
Inspection revealed general surface corrosion on
the entire circumference near the elevation of the
lower floor level with scattered worst-affected
arcas above the lower floor level, The inspection
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also revealed worst-affected areas along a
55-degree arc at the upper floor level. Surface
corrosion was also found on the inside surface of
the containment between the flours. At each of
the floor elevations, cork filler material [61- to
76-cm (24- to 30-in.) in height)] was installed in a
St-mm (2-n.) gap between the steel containment
vessel and interior concrete structure. The radial
expansion experienced by the containment duning
heatup and cooldown and the integrated leak tests
caused the epoxy surfacing compound to crack at
the in<ide and outside edges of the cork. It 1s pos-
sible that the intrusion of moistare through the
cracks caused corrosion. The moisture might
have originated from the ice condenser or from
other condensation. Action taken to resolve the
corrosion problems included developing accep-
tance criteria for expansion joint material and
coating, replacing the cork material, applying
new coating 1o the areas susceptible to corrosion,
and preventing water and boric acid fron: pene-
trating the expansion joint.

Dresden Unit 2 expenenced excessive heating
of the drywell because of inadequate mainte-
nance. The filling matenial in the annular space
between the containmen: and reinforced concrete
shield wall caught fire during reactor water
cleanup pipe replacement. Hot slag produced
while cutting the pipe ran through the sleeve in
the shield wall and contacted the filling material
in the gap. An estimated temperature increase of
1 70°C (33%°F) attained during the fire resulted in
discoloraiion and flaking of the coating in scat-
tered locations on the inside surface of the dry-
well. Since the outside surface of the drywell is
inaccessible, it 1s difficult to detect or repair any
coating damage on that surface.

Excessive leakage was detected from a drywell
ventilation penetration bellows during the Quad
Cities Unit 1 containment integraied leak rate
test. A metallurgical investigation revealed that
transgranular stress corrosion cracking (TGSCC)
was the failure mechanism for the leaking
bellows and that the crack initiated on the bellows
inner surface. The investigation found no evi-
dence that the crack growth was caused by
fatigue. TGSCC had also been identified as a
failure mechanism for the leakage from four



bellows at Quad Cities Units | and 2 and Dresden
Unit 3. Chlorides, fluorides, and sulfides were
identified as the responsible corrosive species.
The fracture mechanics evaluation concluded that
the damaged bellows would remain capable of
performing its design function during the operat-
ing cycle. The leaking bellows were removed and
the new one were assembled in situ. This replace-
ment method was qualified by fatigue testing and
hydrotesting of the facsimile bellows as required
by ASME Code Case N-315.

An Aging Management
Approach

The aging management approach presented in
this report systematically and comprehensively
identifies techniques to (a) determine current
damage (corrosion and fatigue) to metal contain-
ment, (b) estimate additional damage to the metal
containment at the end of the next operating
period, (c) evaluate the integrity of the contain-
ment at the end of the next operating period, and
(d) identify options and actions available to man-
age aging during the next operating peniod.

Table ES-1 outlines a ten-step approach for
plant-specific aging evaluations of LWR metal
containments. Steps 1 to 5 suggest review of the
documents and records to estimate the current
state of damage for a given containment. While
some of the documents will be used directly in the
assessment, others will be reviewed to provide
background and to uncover issues that may impact
the aging management, Steps 6 and 7 provide
guidelines for estimating damage at the end of the
next operating period. The operating period can be
as short as one fuel cycle, equal to inspection
period or interval as defined in the ASME Sec-
tion X1 inservice inspection program, or equal to
any other suitable period. Step 8 provides guide-
lines for evaluating containment integrity during
that period. Step 9 provides guidelines for select-
ing appropriate mitigative actions to ensure safe
operation during the next operating period. Step
10 is related to reevaluation of containment integ-
nty if significant actions are identified in Step 9.

Xiii

Conclusions

The major conciusions related to susceptibility
to and inspection and mitigation of corrosion to
BWR Mark I and PWR cylindrical containments
are as follows:

®  Jorrosion damage to the embedded portion
of a metal contanment is of major concern,
Another major concern is the corrosion of
the inaccessible outside surface of the
Mark I and Mark 1l drywells.

¢ The BWR Mark [ emergency core cooling
system piping that penetrates the ioms below
the waterline is susceptible to corrosion but
is not inspecied during inservice inspection,

*  Maintenance of the surface coatings and the

sealants at the metal-concrete interface is
the best protection against corrosion,

Table ES-1.  An aging management
approach for an LWR metal containment.

Step 1. Review Design Data

Step 2. Review Construction/Quality
Control Documents

Step 3. Review Preoperational Test Records

Step 4.  Review Inspection, Test, and
Maintenance Records

Step 5. Review Operating Records

Step 6. Assess Corrosion Damage at the
End of the Next Operating Period

Step 7. Assess Fatigue and Wear Damage at
the End of the Next Operating
Period

Step 8. Evaluate Containment Integrity at
the End of the Next Operating
Period

Step 9. Select Mitigative Actions

Step 10, Reevaluate Containment Integrity at
the End of the Next Operating
Period if Significant Mitigative
Actions are Identified in Step 9.

NUREG/CR-5314
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The United States was one of the first nations to
use nuciear power to commercially generate elec-
tricity and. therefore, has some of the oldest oper-
ating commercial reactors. As U.S. light water
reactors (LWRs) have matured, problems asso-
ciated with time- or use-dependent degradation
{aging) mechanisms such as stress corrosion,
radiation embrittlement, fatigue, and other effects
have occurred and have raised questions about the
continued safety and viability of older nuclear
plants. Some of the recent aging-related problems
include primary water stress corrosion cracking
of pressurized water reactor (PWR) pressurizer
heater sleeves and instrument nozzles and PWR
steam generator tube plugs, steam generator tube
ruptures caused by high-cycle fatigue and by a
failed tbe plug, significant wall-thinning of light
water reactor metal containments caused by cor-
rosion, fatigue failure of boiling water reactor
(BWR) recirculation pump internals (resulting in
potential damage to reactor pressure vessel core
and internals), catastrophic failure of a “nonnu-
clear” portion of 4 PWR feedwater line caused by
eroston-corrosion, and through-wall thermal-
fatigue cracks in high-pressure safety injection
lines and a residual heat removal line.

Therefore, the potential problems of managing
aging in older plants and the resolution of
associated technical safety issues have become a
major focus for the research sponsored by the
U.S. Nuclear Regulatory Commussion (USNRC).
An important part of the USNRC research effort
is the Nuclear Plant Aging Research (NPAR) Pro-
gram that 1s being conducted at several national
laboratories, including the Idaho National Engi-
neering Laboratory (INEL). One of the NPAR
program tasks at the INEL is to identify, develop,
and evaluate various aging management tech-
nigues for the major PWR and BWR components
and structures, These evaluations will help the
USNRC identify and resolve safety issues asso-
ciated with LWR aging degradation and develop
policies and guidelines for making operating
plant aging management decisions that may
safely extend its operation.

Xv

INEL FOREWORD

Most of the eftort for this aging assessment and
mitigation task is focused on integrating,
evaluating, and updating the technical informa-
tion relevant 1o aging from current or completed
NRC and industry research programs. A five-step
approach is being pursued to accomplish the aging
management task: (1) identify and prioritize ma-
jor components, (2) identify degradation sites,
mechanisms and stressors, and potential failure
maodes for each component, and then evaluate the
current inservice inspection (IS1) techniques,
(3) assess advanced inspection, ‘urveillance, and
morittoring techmques, (4) develop and evaluate
aging management approaches for the major LWR
components, and (5) support the development of
a technical basis useful for aging management
considerations.

A brief discussion of each of these steps
follows:

I Hdentification and prioritization of major
components: Virtually all major equip-
ment contained within a nuclear plant
complex is subject to some aging degrada-
tion and need to be evaluated in an aging
program. From the USNRC’s perspective
of ensuring the health and safety of the
public. the first step in this assessment
task was 1o identify those major compo-
nents critical to nuclear power plant
safety. Components that help contain the
release of fission products during normal,
off-normal, or accident conditions were
selected. The PWR components (in rough
order of importance) include the reactor
pressure vessel (RPV ), the containment
and basernat; reactor primaiy coolant pip-
ing, safe ends, and nozzles; surge and
spray lines; charging and safety injection
lines: steam generators; reactor coolam
pump bodies; pressurizer; control rod
drive mechanisms; cables and connectors;
emergency diesel generators; RPV inter-
nals; RPV supports; and feedwater lines
and nozzles. A similar list was developed
for BWRs except that the containment
was ranked most important. Although

NURLCG/CR-5314
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me PWR steam generator and BWR
recirculation piping have been replaced,
their replacement is a major, time-
consuming operation. In addition, steam
generator tubes and recirculation piping
constitute a part of the primary pressure
boundary, and therefore, aging evaluation
of these components is included in this
task. The lifetime of many of the smaller,
less expensive components such as the
pumps, valves, sensors, batteries, con-
trols, etc, is often less than the initial
license period of 40 years, and these com-
ponents are usually repaired, refurbished.
or replaced relatively frequently. The
aging management of these smaller com-
ponents is being studied in other NPAR
tasks that are focusing more on reliability,
availability, and maintainability.

ldentification of the degradation sites,
mechanisms and stressors, and the poten-
tial failure modes and evaluation of the
current ISI techniques: Time- or use-
dependent damage or aging can be
caused by one or several different mecha-
nisms active withia a component, struc-
ture, or material and, if not recognized
and properly managed, may result in
some type of failure or impairment of
function. The degradation is often the
result of interactions between design,
materials, operational stressors, and envi-
ronments. Poor design, improper mate-
rial selection, .2vere environments, or
inadequate maintenance practices can
accelerate the degradation, Therefore,
identification and understanding of the
design, materials, stressors, environ-
ments, and aging mechanisms is essen-
tial. This step consists of identifying and
qualitatively evaluating the stressors,
potential degradation sites and mecha-
nisms, probable failure modes, and cur-
rent ISI techniques for each of the
selected major components. This quali-
tative analysis of the degradation sites
and processes and current 1S1 techniques
is essential to developing a proper

NUREG/CR-5314
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understanding of the impact of aging on
safe operation of nuclear power plants
and identifying and prioritizing the
unresolved technical issues relevant to
nuclear power plant aging.

Assessment of advanced inspection, sur-
veillance, and monitoring techniques:
Knowledge of the current damage state
of the material is essential for a proper
assessment of structural integrity of a
component or structure. Inservice inspec-
tions are performed to measure the
current state of damage. However, many
of the standard nondestructive examina-
tion (NDE) techniques employed 1o sat-
isfy current ISI were developed for the
detection and qualitative assessment of
fabrication-related flaws. These tech-
niques are not entirely adequate for effec-
tive aging management. Inspections for
aging management generally demand
greater detection reliability and a more
quantitative determination of defects and
accumulated damage than provided by
traditional IS1. Development of emerging
inspection techniques may provide for
accurate assessment of, for example, the
size, shape, location, orientation, and
type of both surface and internal flaws.

Develop and evaluote aging management
approaches for the major LWR compo-
nents: An important feature of this
NPAR task is to identify appropriate
aging management approaches for the
major, risk-significant LWR components
and structures. The main objective of this
task is to review the available aging-
related technical information, including
design and operation of major compo-
nents, field experience, and consultations
with experts. There is no plan to perform
any new basic research or development in
carrying out this task. Effective aging
management approaches for various
components and structures may differ
considerably. However, a general aging
management approach that may work
well for many of the reactor primary
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system pressure boundary components,
the containment, and possibly other
major components is as follows: (a) eval-
uate the present state of the component,
tb) estimate the change expected during
the planned operating period, (¢) identify
appropriate design requirements, and
(d) compare the estimated condition of
the component at the end of the planned
operating period with the design
requirements.

The component state or condition of
interest might be one or more of its mate-
rial properties, such as fracture tough-
ness, fatigue usage, strength, elasticity,
etc., and/or one or more geometry char-
acteristics, such as flaw size, wall thin-
ning rom wear, corrosion, and erosion,
tolerances, etc. These characteristics can
be determined by inspection, destructive
examination, analysis, or other tech-
niques. However, note that the use of
analysis to estimate key material proper-
ties (such as fracture toughness or elastic-
iy) and component geometry changes
from wear, corrosion, erosion, flaw
growth, etc., generally needs a good
knowledge of the initial material condi-
tion and tolerances and a very good
understanding of the relationships
between stressors and states. This under-
standing needs to be based on appropriate
data and physical models.

The changes in the component state or
condition during some future planned
operating period can be estimated based
on conservative extrapolation of previous
IS1 (for example, wall thickness data) and
destructive examination measurements
or analysis. Again, the analysis tools need
to reflect a good understanding of the
physical relationships between the oper-
ating stressors and the changes in the
component state or condition.

The component or structural design is
generally based on traditional engineer-

Xvit
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ing analyses (thermal, hydraulic, stress,
neutronic, eic,, as appropriate) or testing
and reflect appropriate margins between
the expected loads and the calculated fail-
ure loads. The original design analysis
may be suificient for some components,
A revised design analysis may be neces-
sary for other components subject to
additional cycles, previously unknown
stressors, etc. New information may, in
some cases, allow a reduction in or
revised estimate of the margin.

The final step, comparing the design
condition with the expected condition of
the component, would be followed, of
course, by a decision to replace or repair
the component or leave the component as
1s. The comparison of design condition
with & component’s expected condition
might also influence the planned future
operating period and the frequency of
future 1S1 or destructive examination
activities.

A somewhat different approach is
associated with components subject to
environmental qualification (EQ)
requirements. These are components that
need to function properly during a nor-
mal operating period of some given dura-
tion and also during selected design basis
accidents (DBA). Here three general
approaches are cited: (a) compare actual
operating environments with the
preaging EQ environments, (b) compare
estimated mechanical properties at the
end of the planned operating period with
the preaged EQ sample mechanical prop-
erties, and (¢) remove samples from the
plant, add additional aging (to reflect the
expected aging during the planned future
operating period), and subject the sam-
ples to DBA testing. The first two
approaches are based on modeling of the
complex relationships between environ-
mental stressors, aging degradation
(which are often material property
changes), and time. The third approach
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provides results with more certainty but
possibly at the highest cost.

These approaches will have a strong
impact on the development of technical
criteria for aging management. It is
important that the limitations and uncer-
tainties associated with whichever
approach is chosen be assessed so that
confidence intervals can be calculated
and safety margins properly assessed.

5. Development of technical basis for aging
management. The results of the actvities
discussed above are being used to iden-
tify and resolve technical safety issues
related to aging, and to develop guide-
lines for aging management in operating
nuclear power plants of all ages. The use
of acceptable aging management
approaches could form the quantitative
technical basis for regulatory guides if
warranted. The project results are being
used by the Pacific Northwest Laboratory
to develop a NUREG repon, Information
Useful for Managing Aging Degradation
in Nuclear Power Plants, NUREG/
CR-5562. The project results have con-
tributed to the development of draft
Regulatory Guide DG-1009, “Standard
Format and Content of Technical Infor-
mation for Application to Renew Nuclear
Power Plant Operating Licenses,” and of
a NUREG report, Standard Review Plan
for the Review of License Renewal Appli-
cations for Nuclear Power Plants.
NUREG-1299, Project results have also
contributed to the reviews of several
industry topical reports related to license
rencwal.

Overall project results to date are as follows,
The first two steps have been completed, and
results are presented in a two-volume report:
Residual Life Assessment of Major Light Water
Reactor Components—Overview, NUREG/
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CR-4731. Some progress has been madegn
Step 3, the assessment of emerging inspectﬁ
surveillance, and monitoring techniques. The
emerging ingpection, monitoring, and materials
evaluation techniques are briefly discussed in
Volume | of NUREG/CR-4731. A report summa-
rizing an assessment of fatigue monitoring has
been submitted for review. A report summarizing
materials properties evaluation techniques will be
submitted in the near future.

This report evaluates the aging management
techniques for LWR metal containments. A simi-
lar evaluation of the aging management tech-
niques for cast stainless steel components was
published in October 1990, Evaluations of the
aging management techniques for PWR steam
generator tubes and LWR reinforced and pre-
stressed concrete containments have heen sub-
mitted for review. Aging management techniques
for two other major components will be published
soon as part of Step 4. PWR reactor pressure ves-
sels and PWR reactor coolant system piping.
These evaluations are being published in this
multi-volume NUREG repont, as indicated below.

PWR Reactor Pressure Vessels—Volume |

LWR Reinforced and Prestressed Concrete
Containments—— Volume 2

LWR Cast Stainless Steel Components—
Volume 3

PWR Steam Generator Tubes—Volume 4
LWR Metal Containments— Volume 5

PWR Reactor Coolant System Piping—Vol-
ume 6

P. F. MacDonald
V. N. Shah
January 1994
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Insights for Aging Management of Major
Light Water Reactor Components
Volume 5: Metal Containments

1. INTRODUCTION AND BACKGROUND
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Introduction

Table 1. (continued).

BWR/ Year of Operating

Plant PWR License Containment Type
Kewaunee PWR 1973 Cylindrical
Peach Bottom 2 BWR 1973 Mark 1
Cooper BWR 1974 Mark |
Peach Bottom 3 BWR 1974 Mark |
Prairie Island 2 PWR 1974 Cylindrical
Browns Ferry 2 BWR 1974 Mark |
Duane Amold BWR 1974 Mark |
Fitzpatrick BWR 1974 Mark |
Hatch | BWR 1974 Mark |
St. Lucie | PWR 1976 Cylindnical
Browns Ferry 3 BWR 1976 Mark |
Davis-Besse PWR 1977 Cylindnical
Hatch 2 BWR 1978 Mark |
Sequoyah 1 PWR 1980 Cylindrical, ice condenser
McGuire 1 PWR 1081 Cylindrical, ice condenser
Sequoyah 2 PWK 1981 Cylindrical, ice condenser
McGuaire 2 PWR 1983 Cylindrical, ice condenser
St. Lucie 2 PWR 1983 Cylindrical
Washington NP 2 BWR 1983 Mark 11
Waterford 3 PWR 1984 Cylindrical
Catawba | PWR 1985 Cylindrical, ice condenser
Fermi 2 BWR 1985 Mark |
River Bend BWR 1985 Mark 111
Catawba 2 PFWR 10%6 Cylindrical, ice condenser
Hope Creek | BWR 19K6 Mark |
Perry 1 BWR 1986 Mark I

a. This plant is now shut down.

I, BWR Mark | Containments (.cc Fig-
ure 1). There are twenty-two Mark | metal
containments. The containment consists of 4

pression chamber 1s supported by steel col-
umns and saddles,

light-bulb-shaped drywell vessel sur-
rounded at the base by a torus-shaped sup-
pression chamber. The two vessels are
connected by vent lines spaced around the
drywell base. The bottom of the drywell is
embedded in a concrete basemat. The sup-
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BWR Mark Il Containments (sce Fig-
ure 2). There is one Mark Il metal contain-
ment {Washington Nuclear Project No. 2),
similar in principle to Mark I containments,
but the vessel’s shape and arrangement dif-
fer. The drywell and suppression chamber
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Figure 1. BWR Mark | metal containment,

are one vessel, separated by a diaphragm
plate with downcorers. The vessel is sup-
ported by a concrete basemat in which the
bottom of the vessel is embedded

]

BWR Mark Il Containments (scc Fig-
ure 3). There are two Mark 11T matal con-
tainments (Perry | and River Bend), The
Mark I vessel is substantially larger than
the Mark | or 11 vessels, housing nearly all
of the reactor building components. The
drywell is a separate structure within the
containment, and the suppression pool is
formed between the containment vessel and
the drywell wall. The containment vessel is

a free standing steel cylinder with an ellip-
somdal dome, secured to a reinforced con-
crete basemat lined with carbon steel, The
portion of the carbon steel liner that is
exposed (o the suppression pool coolant 18
covered with stainless steel cladding. The
annulus concrete extends above the basemat
for about 23 fi and provides stiffness to the
steel vessel, which is subject to posiulated
steam relief valve discharge loading.

4. BWR/PWR Spherical Containments.
There 1s one BWR plant (Big Rock Point)
and two PWR plants (San Onofre and
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Yankee Rowe, both of which are now shut-
down) with spherical containments. These
vessels are exposed to the exterior
environment, so they have extensive coating
systems on the outside surface. The Big
Rock Point containment is embedded in
concrete for support. The San Onofre |1 and
Yankee Rowe containments are supported
by external columns. Figure 4 shows the
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Figure 2. BV/R Mark Il containment enclosed in a reactor bu'lding.

spherical metal containment, also called
vapor container, of Yankee Rowe. The rein-
forced internal concrete structure supports
the pressurized equipment. This concrete
structure is surrounded by the containment.
Eight steel encased concrete columns,
which penetrate the spherical containment,
support the reinforced internal concrete
structure.
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Figure 5.

BWR Mark | and PWR cylindrical contain-
ments represent more than three fourths of atl hight
water reactor metal containments (see Table 1),
Additionally, these containment types are gener-
ally found in the older plants. Therefore, the focus
of this report is on these two contaiiment types.
The aging management approach suggested here
focuses on the metal containment boundary. ltems
such as gaskets aad seals are maintenance items,
s0 they are not a major concern unless their func-
tion affects aging of the shell.

1.1 Design ana Analysis

All three PWR spt »nical containments and the
first BWR Mark-1 containment (see Table 1) were

PWR cylindrical steel containment enclosed in a reinforced concrete reactor building.

designed according to Section VI of the
American Society of Mechanical Engineers
(ASMEDb 1965) Boiler and Pressure Vessel Code.
Subsequent metal containments were designed as
ASME Section I, Class B vessels. The main
difference of the 1965 Section I1i with respect to
containment design is the provision for determin-
ing whether a fatigue analysis was required and
methods to perform such analysis. This provision
is not far reaching because critical fatigue loca-
iions are those affected by hydrodynamic loading
(for example, safety relief valve actuation or con-
densation and oscillations). These effects apply
only to BWR containments with suppression
pools (Oyster Creek, the one Section VIil
containinent with a supyression pool, has

NUREG/CR-5314
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Figure 6. PWR cylindrical ice-condenser metal containment enclosed in a reacior buiding,

evaluated fatigue resulting from hydrodynamic
loads in their Plant Unwque Analysis R, sort).

The 1965 ASME Section 1, Class B, relied on
ASME Section VIII for much of its analysis/
design methods. It evolved to become indepen-
dent of Section VI and. later, metal contamnments
received their own category, i.e.. ASME Section
111, Class MC (ASME 1992a). The most signifi-
cant change in the code has been 1o allow higher
design stresses and to allow cenain sophisticated
analytical technigues to determine primary, sec-

NUREG/CR-53'4

ondary, and local siress intensities, These tech-
rigues can be used to demonstrate greater macgiis
or to evaluate local degradations. However, these
techniques do not account for any interactions
between containment environment and fatigue,

In general, the design provisions of the ASME
provide a reasonable safety margin for postulated
lead combinations. With respect to degradation,
two provisiors of the code are pertinent. One pro-
vision concemns material thinning caused by cor-
rosion, erosion, abrasion, or other environmental
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Introduction

Table 2. Physical parameters of metal containments [ | MPa = 0,145 ksi; | m= 328 ft, | in. = 25.4 mm;

°C = (°F - 32) % $P9).

Materials®

ASTM A-516 Grade 70 or SA-212 Grade B (Shell)

Minimum vield strength
Minimuom tensile strength
Nil ductility temperature
Chemical composition (wt% )

ASME SA-299 (Shell)

Minimum yield strength
Mimimum tensile strength
Chermical composition (wt%)

70 ksi

~50 1o 0°F
02710030 C
(.80 to 1.25 Mn
01.035 P, maximum
004 S, maximum
01310033 8

40 kst

75 ksi

028 C

0.84 to 1.62 Mn
0,035 P, maximum
(.040 §. maximum
0.13100.33 Si

Type 304 Stainless Steei (Bellows)

Minimum yield strength
Minimum tensile strength
Chemical composition (wt% )

Typical Dimensions
BWR Mark 1"

Drywell
Height
Diameter of sphere
Diameter of cylinder
Embedment
Shell thickness
Suppression Chamber
Major diameter
Minor diameter
Shell thickness

NPy T wil W

30 ksi

75 ksi

0.08 C

2.0 Mn, maximum

0.045 P, maximum

0.030 8§ |
1.00 §1, maximum i
18 020 Cr |
R 10.5 Ni

1
i
I
!
1
|
1
1

100 t0 120 ft
60 1o 70 fi ‘
Riwdsh |
51010t

062510 2.5 in,

951w 11511

251w 31 f
0.375to 1 n.

NUREG/CR-5314
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Table 2. (continued),

Drywell
Diameter:
Top
Bottom
Height
Suppression Chamber
Diameter
Height

Diameter
Embedment (BWR)
Shell thickness

Height

Diameter
Embedment depth
Shell thickness

BWR Mark ii*

Spherical

BWR Mark Iii*

31 ft-8 in.
65 1-9 in.
78 f1-0 in.

65 t-9 in.
42 ft-0 in.

12510 130 f1
27 R
087510 1 in.

200 to 300 ft
120 to 130 fi
Sto 10 fi

0.75 10 1.75 in,

PWR Cylindrical (Without Ice Condenser)'

Height

Diameter
Embedment depth
Shell thickness

232 fi

140 ft

23 ft

09510 1.9 in.

PWR Cylindrical (With Ice Condenser)¢

Height

Diameter
Embedment depth
Shell thickness

4. ASME Boiler and Pressure Vessel Codes, Section [11, 1965-present.

200 fit
115 ft
15 ft
06910 1.0in.

b. Northern States Power Company, Monticello Nuclear Generating Plant, Updated Safety Analysis Report, Revi-

sion 6, June 1988,

¢. Niagara Mohawk, Nine Mile Point 2, Final Safety Analysis Report, Vol. 14, November 1984,

4. Jim R. Chapman, private communication, Yankee Atomic Eicctric Company, March 1990,

e.  Gulf States Utilities Co., River Bend Station 1, Final Safety Analysis Report, Vol, 9, May 1985,

f.  Louisiana Power and Light, Waterford 3, Final Safery Analysis Report, Vol. 6, September 1983.

£ Duke Power Co., Catawha Nuclear Station, Fina! Safety Analysis Report, Vol. 6, 1986,
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conditions (see ASME Boiler and Pressure Vessel
Code, Section II1, Subsection NE, Paragraph
NE-3121), For vessels subject to material thin-
ning, the design needs to provide additional thick-
ness (that 1s, a corrosion allowance) above thai
required for structural considerations, to compen-
sate for the expected material thinning. Typical
corrosion allowances range from no allowance to
one-eighth inch. In the industry generally, no
aliowance for corrosion is recognized for vessels
that are coated and partially embedded in con-
crete. However, conditions can exist (as discussed
later) in which sections of the containment shell
are exposed 10 a corrosion environment. This will
be one of the major concerns in determiming the
residual life of a vessel.

The other ASME Code provision pertinent to
this discussion concerns fatigue (see ASME
Code, Section 1, Subsection NE, Paragraph
NE-3221). To determine if a vessel requires a
detailed fatigue evaluation, a set of criteria is
given [see ASME Code, Section 111, Subpara-
graph NE-3221.5(d)J]. The criteria limit the nuom-
ber of service (ambient to normal operating and
back to ambient) pressure, temperature, and
mechanical load cycles (more details on cyclic
loads ure provided in ASME Section III). The cri-
teria are based on the ASME S-N curves for metal
containment material. For vessels meeting the cri-
teria, one can as ume that stress intensity limits as
governed by faiigue have been met by com-
pliance with other code provisions. One can also
assume that fatigue cracking will be minima; for
vessels in this category. If a vessel does not meet
the criteria, a fatigue usage factor (based on linear
fatigue damage theory) must be calculated and
compared with the allowable usage factor of 1.0
Isee ASME Code, Section 111, Subparagraph
NE-3221.5(¢}). A detailed fatigue evaluation was
not required at the time of original design for
most metal containment vessels. For containment
vessels desigoed in accordance with the 1965 (or
earlier) ASME Code, even a cursory fatigue anal-
ysis was not required. Although current fatigue
damage assessment techniques are based on the
ASME Code evaluation, the evaluation might not
represent actual degradation and safety margins.
This is due, in part, to the lack of developed crite-
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ria to account for any synergistic interaction
between corrosion and fatigue.

Another aspect of containment analysis rele-
vant to aging and degradation is the development
of more sophisticated analytical techniques.
These improvements can be seen in both the anal-
ysis used to define the accident load values and in
the stress analysis of the vessels. During the
Mark I Containment Long Term Program, rede-
finition of hydrodynamic loads resulting from
safety relief valve discharge and peak pressure/
temperature loads resulting from loss-of-coolant
accident established a need for greater strength
and required structural modifications 1o many
suppression chambers (USNRC 1980). The use of
upgraded thermal-hydraulic codes provided
lower peak pressure/temperature loads and struc-
tural analysis codes provided, in general, lower
stresses; the lower stresses helped in minimizing
the required modifications to the suppressions
pools. The lower peak pressure loads also estab-
lished 25 to 30% greater design margins for most
drywell vessels, which can allow larger corrosion
margin and provide longer fatigue life for
drywells,

1.2 Environment

The environment pertaining to the metal con-
tammment (interior and exterior atmospheres and
suppression pool) is responsible for its degrada-
tion by corrosion and corrosion-assisted fatigue.
Atmosphere is characterized by pressure, temper-
ature, and humidity Suppression pool water is
characterized by conductivity, pH level, and
chemical impurity.

1.2.1 interior Atmosphere. The containment
interior atmosphere is a controlled volume, with
the pressure, tlemperature, and chemical makeup
held at nearly constant values during operation.
Normal operating pressures vary somewhat for
different pl- 5, but are generally in the range of
=110 +2 psig. The pressure is monitored to permit
operator action to maintain the desired value. Nor-
mal operating temperatures for Mark I contain-
ments are in the range of 57 to 66°C (135 10
150°F). PWR containments maintain ambient
temperatures at about 49°C (120°F). One area of
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concern is the containment shell near the high-
temperature piping penetrations (sec Figure 7).
Local shell temperatures can be higher at these
locations and are more susceptible to flactuations.
To minimize this effect, most plants insulate the
pipe within the penetration. However, the nearby
wall temperatures can still fluctuate from the nor-
mai operating lemperatures given above 10 about
93°C (200°F). Local drywell shell temperatures
near the reactor cavity bulkhead region can be
high if the ventilanion haiches are inadvertently
left closed. High temperature reduces humdity
from the environment and makes it less corrosive;
however, high temperature also degrades surface
coating and reduces corrosion protection 1o the
drywell wall.

The interior atmosphere of all BWR Mark | and
Mark Il containments is inerted with mtrogen to
prevent hydrogen-oxygen recombination. The
oxygen content is generally maintained at a level
of less than 4% by volume. In BWR Mark 1H and
PWR containments. hydrogen-oxygen recom-
bination is generally prevented by other tech-
nigues, so these containments are filled with air
The refative humidity in BWR and PWR ice con-

denser containments is rather high, generally in the
40 10 60% range, because of the suppression pools
and ice condensers, respectively. In other PWRs,
the relative humidity 1s generally in the 15 to 40%
range. During shutdown, condensate may form on
the interior surfaces and accumulate at the base.

Control of the containment atmospheric param-
eters is achieved through the containment cooling
system, The system provides temperature control
and air circulation, and includes monitoring
devices. The system is generally not safety-
related, but its function 1s important to contain-
ment longevity,

Postulated environmental conditions vary
widely among the different types of containments
and accident scenarios, The posiulated conditions
are vseful n defining the allowable aging dam-
age, but these conditions do not significantly con-
tribute to aging damage. Therefore, Tab.e 3
summarizes only the accident condition ranges.

1.2.2 Suppression Pool. A special case of
BWR containments is the suppression pool. The
carbon steel interior surface in Mark 1 suppres-
s10n pools becomes passive in the presence of

Figure 7. Typical hot penetration assembly.
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Table 3. Postulated accident condition ranges [°C = (°F - 32) x 5/9).

BWR Mark I*
Drywell Range
Pressure 40 to 56 psig
Temperature 280 to 305°F
Humidity 100%
Suppression Chamber
Pressure 2510 32.2 psig
Temperature 182°F
Humidity 100%
BWR Mark it
Drywell
Pressure 37 10 48 psig
Temperature 280 to 340°F
Humidity 100%
Suppression Chamber
Pressure 28 psig
Temperature 275°F
Humidity 100%
BWR Mark Hil¢
Pressure 7to 15 psig
Temperature 140 to 185°F
Humidity 100%
PWR Cylindrical? |
Pressure 40 10 50 psig
Temperature 260 1o 280°F
Humidity 100% |
PWHR Spherical® |
Pressure 27 psig
Temperature 190°F
Humdity 100% |
a.  Northem States Power Company, Monticello Nuclear Generating Plant, Updated Safety Analysis Report, Revi-
sion 6, June 1988,
b.  Niagara Mohawk, Nine Mile Point 2, Final Safety Analysis Report, Vol. 14, November 1984,
¢ Gulf States Utilities Co., River Bend Station |, Final Safety Analysis Report, Vol. 9, May 1985,
4. Louisiana Power and Light, Waterford 3, Final Safety Analysis, Vol. 6, September 1983,
e,

Jim R. Chapman, private communication, Yankee Atomic Electric Company, March 1990,
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chromated water, which was used earlier (Uhlig
and Revie 1985), However. in the event of a loss-
of-coolant accident, the water in the suppression
chamber is also @ primary source of water for the
emergency core cooling system. Therefore, chro-
mated water, being toxic, 1s no longer used 1 sup

pression pools (except possibly in one or two
plants), thus avoiding its circulation through the
reactor core during emergency core cooling and
avoiding the problem of discharging the toxic
water when the torus is drained. The presence of
nonchromated water can increase the susceptibil-
ity of the suppression vessel to corrosion, The
increased susceptibility can be mitigated by
maintaining the surface coating and by maintain-
ing a strict control on the water quahity.

Table 4 lLists the suggested values for the
parameters of suppression pool water quality for a
typical Mail. ' containment (NSP 198¥). These
values are considered adequate for combating
shell degradation. though a concentration of chlo-
rine near the upper end el the range (300 10
500 ppi would provide the best protection
against microbially influenced corrosion (Pope
1986, One parameter not specified or monitored
but important 1o metal degradation 1s oxygen con-
tent. Typicai oxygen concentrations are in the
range of 3000 to 5000 ppb. High dissolved-
oxygen levels facilitate corrosion in areas of the
containment shell exposed as the result of coating
failure. Torus shell corrosion resulting from
degraded coatings is discussed in Section 2,

1.2.3 Exterior Atmosphere. The exterior sur-
face of the containment shell is exposed to a dif-
ferent environment than is the intenior surface.

Table 4. Suggested guidelines for
suppression pool water quality.

Parameter Value
Conductivity 5 micromhos/cm maximum
pH 651085
Milhpore crud 500 ppb maximum
Chiorides 1 10 500 ppb

NUREG/CR-5314
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With the exception of the three sphenical contain-
ments for older plants (see Table 1), all the metal
containments are enclosed by a reactor building or
shield building, Thus, orly the exterior surface of
the spl ~rical contammments is directly exposed 10
the outside weather. The enclosed containments
have openings to the reactor building such that the
atmosphere (temperature, humidity, and pressure)
between the steel containment and the inside wall
of the reactor building 18 controlled. The exterior
environment of the metal containment is signifi-
cantly influenced by the proximity of the shield or
secondary containment wall that surrounds the
containment shell. From an aging viewpoint, the
exterior environment is harsher than the interior
environment in many cases. Temperatures and
hurmidity levels can be significantly different out-
side contatnment, and variations in conditions are
more frequent and larger in magnitude.

During construction, compressible material
was placed on the dryweli shell of Mark 1 and
Mark 1] containments (0 maintain proper spacing,
a small gap of 5110 76 mm (2to 3 in.), between the
shell and shield wall, as shown in Figure 8. This
gap aliows for thermal and pressure expansion and
contraction during normal operation and during
design-basis accidents. In some plants, the com-
pressible material was removed after construction
was complete, while in others it was lefl in place.
The material is soft enough to collapse and allow
for thermal expansion of the vessel during opera-
tion, A sand pocket is located at the bottom of the
gap, as shewa in Figure 8. The purpose of the sand
cushion is to reduce the stress concentration at the
point of embedment of the shell in concrete when
the shell is subjected to loss-of-coolant accident
(pressure and thermal joading) and seismic load-
ings. Moisture may be trapped in the filler material
or may collect in the sand pocket and cause corro-
sion of the drywell. However, in some Mark 1 con-
tainmenis, a galvanized steel plate covers the sand
pocket and prevents moisture from entering;
drains remove the moisture that may collect on the
top of this plate. Table 5 shows the status of the gap
between the metal containment and the concrete
shield in Mark [ containment vessels, and the type
of material originally used to fill the gap (USNRC
1987h). Because of the small size of the gap.
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Figure 8. BWR Mark I drywell base, concrete shicld wall, and sand pocket.

the exterior surface of the containnent is
extremely difficult to access for inspection or
recoating, 1If warranted. It was also common to
apply only one coat of shop paint o the exterior
surface of these vessels. Shop paint is 4 low cost,
lead-based coating. Its dry film thickness and
chemical characteristics are not conducive to a
long service life (SSPC 1985).

To compound the situation, the environmental
conditions of the gap are often favorable o corro-
sion damage. The upper regions of most drywells
are flooded during refueling, which subjects this
area to cycles of wet and dry. In addition, leaks
through the bellows at the drywell-to-cavity seal
or through deteriorated gaskets can lead 1o corro-
ston of the exterior surface of the containment
(USNRC 1986a). Similarly, leaks from the failed
penetrations of control rod drive insert/withdraw
lines can lead to corrosion of the exterior and inte-
rior surfaces of the drywell (Duane Arnold

_____

Encrgy Center 1990). A sand pocket is located at
the base of the gap in a Mark I containment. Once
the sand becomes moist, it is capable of support-
ing microorganisms, which can potentially lead to
microbially influenced corrosion.

Compressible fill material in the gap can trap
moisture against the shell and create opportunity
for crevice corrosion to occur, Additionally, if the
fill material degrades. chemicals in the material
cancreate an aggressive environment for the metal
by leaching out and concentrating in certain Spots,
Analysis of one plant’s fill material, Firebar-D,
showed high contents of Na, K, Ca, Mg, SOy, and
Cl (Wilson 1987). Several of these elements are
aggressive to steel surfaces. Removing the fill
malerial would reduce the threat of crevice corro-
sion, but the residual material particles would still
likely create an aggressive environment. And
removing the material is not considered feasible
because access is constrained.

NUREG/CR-5314
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The BWR Mark Il and PWR cylindrical con-
tainments ho e a larger annular space, instead of
a small gap, between the metal shell and contain-
ment shield building. The space permits inspec-
tion and recoating of the exterior surface without
severe difficulty. Drains are located on the floor
beneath the annular space.

An important consideration regarding exterior
environment is the potential damage that may be
caused by ground water. If the cracks in the con-
crete under the embedded portion of the contain-
ment are connected such as to form a path through
the basemat, and it the rubber membrane under-
neath the basemet is ruptured, ground water
might reach the outside surface of the embedded
portion of the containment and corrode it

Another important consideration regarding the
extenor environment of metal containments is the
damage caused during plant construction. During
construction, the shell can be exposed 10 rain,
snow, sun, etc. Plants with long construction peri-
ods and that are exposed to aggressive environ-
ments (for example, salt air or acid rain) can
significantly degrade a containment prior to iny-
tial startup. Three spherical containments do not
have a secondary containment wall. Therefore,
the exterior surface of the metal shells in the
spherical containments are exposed 10 a harsh
environment not only during plant construction
but throughout operation. However, the exterior
surface of the sphernical containments is coated
and is accessible for inspection and recoating.

1.3 Protective Coatings

The interior surfaces of light water reactor
containment vessels are coated to provide
corrosion protection and to facilitate decon-
tamination of the containment shell and surr und-
ing concrete structures. Since construction of the
earlier plants, qualification criteria for contain-
ment interior surface coatings have been
developed. Current vequirements and guidelines
¢an be found in ANSI Standards N5.9 (1967),
N101.2 (1972a), and N101.4 (1972b) and in
Regulatory Guide 1.54 (USNRC 1973a). The
requirements focus on environmental qualifica-

17
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tion for normal and accident temperatures and
hurmdities; qualification is achieved through ven-
dor 1ests performed under simulated conditions of
design-basis accidents and artificial aging.

Prior to current requirements, coatings were
selected on the basis of expenience with coatings
in similar environments and on manufacturers’
recommendations. Coating vendors specify the
minimum and maximum dry film-thickness that
can be applied with specific coatings. Qualifica-
tion tests on coatings used in the early contain-
ments, performed after the fact, indicate that the
coatings were acceptable for use in containment
environments and under design-basis accident
conditions. Based on the generally positive
experience of the systems in the older plants,
newer containments use the same or similar coat-
Ing systems.

Containment coating systems, n general, con-
sist of a minimum of one coat of primer with
additional top coats. The interior surface of the
suppression chamber in some plants is not coated
above the waterline. The exterior surfaces of the
containment and the suppression chamber in
some plants have one coat of lead-based coating
with a typical dryv film-thickness of 0.05 mm
(2 mul). The imterior surfaces of the containment
and the suppression chamber in some plants have
a primer coating of inorganic zinc and intermedi-
ate and finish coatings of polyamide epoxy, with
a dry film-thickness of 0.15 to 0.23 mm (6 to
9 mil). Some plants have used phenolic epoxy
enamel as primer, intermediate, and finish coat-
ings on the interior immersion steel surfaces, with
a typical dry film-thickness of 0.23 mm (9 mil),
The typical dry film-thickness range on the dry-
well interior surface is 0.20 to 0.25 mm (8 to
10 mil), and that on the torus wall interior surface
15 0,25 t0 0.50 mm (10 to 20 mil) (Sea Test Ser-
vice 1988). The interior surface of the lines such
as an ECCS line that penetrate the containment
wall is not coated.

A critical feature of a coating application is
surface preparation. The object of the preparation
is 1o provide a surface profile conducive to
coating adhesion. Surface preparation may
involve solvent-cleaning and various degrees of
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blast cleaning to remove din, oil, and grease and
1o prepare the surface for proper adhesion. For the
zing-rich primer, commercial blast cleaning
(SSPC 1985, SSPC-SP6) is recommended for
nonimmersion service and white metal bHlast
cleaning (SSPC 1985, SSPC-SPS) for immersion
service, that is. for the BWR suppression chamber
mierior surfaces. The white metal blast cleaning
process prepares a suitable surface for stronger
adhesion and more uniform thickness of coating
on the metal surface than is achieved by a com-
mercial blast cleaning process. These processes
remove sharp edges and provide a 0.03- to
0.08-mm (1- to 3-mil) blast profile. Noie that
blast cleaning the vessel for coating application
reduces the containment vesse! wall thickness
shightly, 0.03 to 0.13 mm (1 to § mil).

Maintenance of the coating is important to
reduce corrosion damage to the containment
shell. The key parameters associated with coating
maintenance are inspection to identify degraded
arcas, removal of degraded coatings, surface
preparation, and selection of a compatible coating
material. Inspection can include a visual survey
and dry film-thickness measurements, where nec-
essary. Dry film-thickness measurements can be
taken easily with commercially available mag-
netic gauges. Removal of degraded coatings and
surface preparation can be performed using the
blast cleaning techniques described above. How-
ever, as a typical contaimnment coating lasts for
about 7-10 yrs, coating maintenance may be
required several times over the course of plant
life, and the reduction of vessel material by blast
cleaning can be too extensive. Additionally. blast
cleaning of relatively small areas is difficult. Sev-
eral products are now available to prepare small
areas for recoating. The products (SSPC 1985,
SSPC-SP-11-87T) use woven or coated sanding
discs or small-diameter needle guns. Surface loss
1s generally less than 0.03 mm (1 mil). Selection
of compatible recoating matenals is based on the
adhesion of new coatings to old coatings.
Manufacturers’ Iiterature on coatings generally
specifies compatibility to other coating types.

NUREG/CR-5314

1.4 Preoperational Testing

A number of tests are typicailv performed to
confirm containment integrity prior to operation
of a light water reactor. The tests fall into four
categories:

I, Matenal properties. Tests for mechanical
properties and chemical content, as speci-
fied in Section il of the ASME Boiler and
Pressure Vessel Code (ASME 1992¢)

o

Weld inspection. Nondestructive testing,
generally radiography, on pressure retaining
welds, according to criteria of Section 11 of
the Code

3. Leakage rate tests. Tests performed to check
leukage rates at design pressure or at
reduced test pressure

4. Overpressure test. The 1965 ASME Code
required a pneumatic pressure test at 120 to
125% of design pressure, This is the code
that many of the early containment vessels
were constructed to. Since that time, the
code has been revised to require the test at
110% of design pressure.

Preoperational test results can provide initial or
baseline properties, such as material yield and
tensile strengths, needed for aging management.
These data can often provide justification for a
sma.ler minimum wall thickness or, conversely, a
larger corrosion allowance. However, use of
actual material properties is not endorsed by the
ASME Code, and approval irom the USNRC
would be required. It is unlikely that any U.S.
utility has yet used the actual material properties
for determining the minimum wall thickness.

In addition, a review of the results of all preop-
erational tests may provide information relevant
to aging management. Of particular interest are
the radiogrizphic examination results, whick may
indicate potential lamination (separation of metal
grain boundaries) flaws. Although such
indications were originally acceptable by ASME
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Code standards, they may have either grown or
may indicate weak locations in the vessel, and
may, therefore, require more detailed analysis.
Components that required repairs or modifica-
tions to meet test requirements are also potential
areas for further analysis.

1.5 Inservice Tests and
inspections

Continved assurance of containment integrity
is obtained by periodic inservice tests and inspec-
tions. The following paragraphs describe the cur-
rent tests and inspections and their effects on
aging of metal containment vessels,

1.5.1 Leakage Rate Tests. A program of leak-
age testing of the primary containment is required
by 10 CFF. 50, Appendix J (1986), in order to
ensure leaktight integrity. Allowable leakage
rates are specified in plant-specific technical
specifications and are based on containment
design. plant-unigue mitigation features, such as
a filtration system, and offsite dose projectic 1s
calculated in accordance with 10 CFR 100 (1991)
for various design-basis accident conditions,
Appendix J requires three types of leakage tests:
Type A, Type B, and Type C. Type A tests are
designed to measure the integrated leakage of the
entire primary containment system, They are con-
ducted three times during each 10-year service
period. The Type A test includes pressurizing the
entire containment to a pressure based on the
peak design-basis pressure and then monitoring
any leakage. Technical specifications of a plant
define the pressure used for the Type A test. Prior
to the Type A tes1, a visual inspection of the con-
tainment is required to determine if there are any
obvious containment integrity problems.

Current regulation allows a reduced pressure,
not iess than half the peak design-basis pressure,
for Type A tests, provided a reliable correlation
between the leakage rates at full and at reduced
pressure tests is established. Review of leakage
rate data for the reduced and full-pressure tests
performed at several U.S. PWRs with concrete
containments did not reveal any correlation
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(Koegh 1984}, There are two main reasons for
this lack of correlation. Leakage through valves
and steam generator manways may not vary with
pressure in any particular pattern. The seco.d rea-
son 1s that the internal concrete structures absorb
or release gas during the pressure tests. Most of
the US nuclear power plants perform Type A tests
at the peak pressure: only six or so older plants
perform the tests at the reduced pressure.

Type B tests are designed to measure any local
feakage through the containment penctrations.
They are performed by local pneumatic pressur-
ization of the penetration bellows, These local
leakage tests are conducted every operating cycle
at test pressures equal to the calculated maximum
pressure caused by a design-basis accident.

Type A and B tests can result in local stress
intensities of 1.5 S, [199 MPa (28,875 psi for
SA-516 Grade 70)), where S, = allowabie stress
intensity, Type C tests are designed to measure
any containment isolation valve leakage. Type C
tests are not relevant to containment aging
because they do not induce stresses in the
containment.

1.5.2 Inspection and Surveillance Scction
X1, Subsection IWE, of the ASME Code provides
a reasonable and systematic basis for ensuring the
continued integrity of the containment vessel
during its service lifetime. The Subsection was
originally developed with the objective of ensur-
ing that th= critical areas of the containment such
as pressure-retaining accessible welds, seals, gas-

2ts, and hatch bolts maintain their integrity
throughout the plani lifetime. The preservice
condition of the finished containment welds as
painted or coated and the preservice condition of
other pressure-retaining components may be
visually examined and documented to provide a
reference baseline. This baseline is then
compared with the condition determined by
visual examination at each subseguent inservice
inspection. Removal of the surface coating or
paint is not required for routine examinations of
containment weids, Visual examinations that
detect surface indications may be supplemented
by either surface or volumetric examination

NUREG/CR-5314
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techniques. The coating or paint i1s removed 10
facilitate the supplement.l inspection,

Subsection IWE was recently revised to empha-
size the inservice inspeciions of both containment
vessel base metal and welds instead of only welds
(ASME 1992b). This revision is based on the
operating experience at several nuclear power
plants, which has shown that the base metal is
more susceptible to degradation by corrosion, {or
example, than the welds. The revised Subsection
IWE is not yet endorsed by 10 CFR 50.55(a), but
it is being reviewed by the NRC. The revision
includes a visual examination of the accessibie
surface areas on the containment pressure bound-
ary during each mspection interval. These accessi-
ble arzas include the outside surface of the
penetration and vent line bellows, In addition, the
revision includes an augmented examination of
surface areas that are susceptible to accelerated
degradation by corrosion, or wear, and that have
minimal or no corrosion allowance or have experi-
enced repeated loss of protectuve cocting. Exam-
ples of such areas include the surface areas
exposed to standing water, persistent leakage, sub-
stantial traffic, or water jets from safety relief
valve discharges The augmented examination
requires visual inspection if the susceptible
surface area is accessible from both sides, or ultra-
sonic thickness measurement if the susceptible
area is accessible only from one side. For ultra-
sonic measurement, use of a I-ft grid 15 recom-
mended. Ultrasotic measurements are made at a
minimum-wall-thickness location in cach grid
during each inspection period, If an area inspected
remains unchanged for three consecutive inspec-
tion periods, an angmented inspection for that area
is no longer required.

NUREG/CR-5314
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In addition to the above requirements, cach
plant has a unique set of operating and surveil-
lance requirements published in plant-specific
technical specifications. Typical operational
himits for containments specify the following
parameters:

e Maximum and minimum temperatures
e Maximum and minimurm pressures

e  Maximum differential pressure (drywell/
torus and primary/secondary containment)

e Suppression chamber water level and maxi-
mum temperature.

Additionally, the technical specifications require
implementation of leakage rate testing and any
plant-unique surveillance, such as coating inspec-
nons or condition assessment walkdowns.

The remainder of this report 1s in five sections.
Section 2 describes assessment of corrosion
damage and degradation of the surface coating of
carbon steel metal shells. Section 3 describes
assessment of fatigue damage to the carbon steel
metal shell and fatigue and stress corrosion
cracking of stainless bellows. Section 4 describes
the most significant events of corrosion damage
to metal containments. Section 5 describes a
genenic approach for performing comprehensive
aging management of 4 metal containment.
Section 6 summarizes the key conclusions,main-
tenance activities, and future work based on the
technical issues related to corrosion and fatigue
damage to metal containments.
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2. ASSESSMENT AND MITIGATION OF CORROSION DAMAGE

2.1 Corrosion of Containment

Vessels
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Figure 9. Local-action cells on a metai surface.
surface produces an oxygen concentration cell n
the presence of water or an agqueous electrolyte
(salt solution, acid, or alkali). Dissimilar electrode
cells are formed when any of the following condi-
tions exist: (a) two dissimilar metals are placed in
comtact with each other, (b) both cold-worked and
annealed states exist in the same metal, or (¢) the
composition of the grain-boundary is differen
from the material within the grain (in carbon steel,
inclusions such as sulfide at the grain-boundary
make the composition at the grain boundary dif-
ferent from that of the material within the grain)
(Uhlig and Revie 1985). When the metal contain-
ment is exposed to agueous electrolytes, local-
action cutrent flowing in concentration or
dissumilar electrode cells will corrode the metal
shell. In practice, cells responsible for corrosion
may be a combination of these two types, The car-
bon steel shell of the metal containment s suscep-
tible to the following seven mechanisms of
corrosion, differing from each other in appearance
of corroded metal or in environment causing cor-
rosion damage (Fontana 1986):

1.  General corrosion

re

Pitting

3. Crevice corrosion

4. Differential aeration

S, Microbially influenced corrosion (MIC)
6.  Aggressive chemical attack

Galvanic or disssmilar-metal corrosion.

1
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Some of these mechanisms, for example, pit-
ting and crevice corrosion, are closely related:
however, they warrant separate consideration
because the environments causing corrosion dam-
age and the susceptible sites can be different. The
relationships between these mechanisms are iden-
tified in the following discussions. The similari-
ties and differences between piiting and crevice
corrosion are discussed in Section 2.1.1.3. The
corrosion mechanisms listed above are not in any
particular order of importance,

The first mechanism is based on the local-
action cell concept. The next five mechamisms are
based on the concentration cell concept, and the
last one is based on the dissimilar electrode cell
concept. More than one mechanism may act at the
same site. Table 6 summanizes the potential metal
containment sites for each type of corrosion.

2.1.1.1 General Corrosion. Whencver cor-
roston causes a more or less uniform loss of metal
over a large surface of the metal shell, it is called
general corrosion or uniform corrosion. General
corrosion is an electrochemical process. The
anodic reaction is the oxidation of iron in carbon
steel to ferrous ion. Under an acrated, near neutral
environment (pH=6-8), the cathodic reaction
consists of oxygen reduction. Under an acidic
environment, hydrogen evolution will v '
one of the cathodic reactions. The final produt ot
the overall reaction is films of rust, which nor-
mally consist of two layers of von oxides, Le.,
Fe204 and Fe3Oy4. The metal oxde layer formed
on anodic areas is less permeable to oxygen and
may retard further corrosion,

The general corrosion of carbon sieel can be
explained using the local-action cell concept. In
general corrosion, the individual local-action
cells are of such smail dimensions that they can-
not be distinguished even under a microscope, or
the anodic and cathodic surfaces fluctuate over
the metal sarface m a statistical disorder way so
that the anodic and cathodic reactions take place
simultaneously, and the attack will be more
unitorm (Wranglen 1985). In the case of pitting
and crevice corrosion, discussed in the following
sectivns, the local-action cells have larger dimen-
sions, and the anodic and cathodic surfaces are
separated.
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Table 6.

Summary of potential corrosion sites.

Corrasion Damage

Type

Site

General corrosion

Mark I and 11 exterior drywell surface; any uncoated carbon steel

surface, interior/exterior surfaces of LWR containment vessel, BWR
emergency core cooling system pipes.

Pitting

Torus wall (if coating has deteriorated): section of high-pressure

injection pipe between torus and check valve: outer surface of Mark
I containment near sand pocket: containment vessel wall near
concrete-metal interface (if sealant is not intact or not applied).

Crevice corrosion

Under hatch gaskets and bolts (if coating has deteriorated); concrete

embedment region; Mark 1 and 11 drywell exterior surface (if
compressible material was left in place).

Ditferential aeration

Microbiaily induced corrosion

Near waterline of suppression pool (if coating has deteriorated).

Mark I drywell sand pocket region; suppression pool region;

containment sump regions where cracks in the concrete allow water
lo come in contact with metal; areas where standing water
accumulates: sump line penetrations.

Aggressive chemical attack

Embedded shell region; low areas in penetration sleeves: refueling

seal region; sand pocket region (Mark 1); outside surface of PWR
cylindrical containment.

Galvanic corrosion

Near vent line bellows (dissimilar-metal welds between stainless

and carbon steels); any equipment attached 1o the containment
through different metal connections (supports, ducts, grounding

wires, etc.).

Al containment operating temperatures, dis-
solved oxygen in neutral or near-neutral water is
necessary for appreciable corrosion of the carbon
steel sheli to occur, and then only if the surface is
uncoated or the coating has deteriorated. In air-
saiurated water, such a: the coolant in the torus
near the waterline, the corrosion rate may initially
be high. but it decreases over a period of days as
the wron oxide (rust) layers form and act as a bar-
rier to oxygen diffusion. In the pH range of 4 to
10, carbon steel corrosion is controlled by oxygen
diffusion, which depends upon oxygen con-
centration, temperature, and diffusivity. The
steady-state corrosion rate increases with oxygen
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concentration. In the absence of dissolved

oxygen, the corrosion rate for the metal shell is
neghgible.

General corrosion can occur on both interior
and exterior surfaces of the drywell and torus. In
BWR plants, the portions of the emergency core
cooling system pipes between the containment
and check valves, which are typically made of
carbon steel and peneirate the torus below the
waterline, are susceptible to corrosion. The rate of
corrosion can be accurately predicted and can be
accounted for in the design. Historical data
indicate general long-term environmental
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Figure 11. Results of carbon steel corrosion tests performed by utilities (Multiple Dynamics 1987).
Copyright Electric Power Research Institute; reprinted with permission.

however, under certain conditions, it can occur in
the presence of sulfate 1ons i aqueous solution at
room temperature (Szklarska-Smialowska 1986).
The critical potential at which the passive oxide
film begins to break down is called critical pitting
potential.

Pitting takes place at isolated sites when the
chloride concentration is moderate, Chloride ions
break down the passive film locally at a small
isolated site where the film is weak, and a pit forms
at such a site. The site acts as an anode, where dis-
solution of iron takes place; this produces an
excess of positively charged metallic ions in the pit
solution. To balance the excess charge, the chlo-
ride tons migrate into the pit, producing a high
concentration of ferric chloride. The metal chio-
rides hydrolyze and produce chloride and hydro-
gen ions (free hydrochloric acid) that accelerates
metal dissolution in the pit, which further
increases the migration of chloride ions. Thus, the
pitting process is self propagating. The large arza
of the metal surface surrounding the pit acts as a
cathode where oxygen reduction takes place,

forming hydroxyl ions, Acid produced at the
anode shifts the pH at the anode to lower values.
Hydroxide produced at the cathode shifts the pH
at the cathode to higher values. Another factor
contributing to these pH shifts is the high current
densities at the anode (Arup 1983). Because the
solubility of oxygen in tr.* concentrated and acidic
iron chloride solution in the pit is low and environ-
ment is highly oxidizing, little oxygen reduction
takes place within the pit. Oxygen reduction takes
place in the large area surrounding the pit, which
protects the area from corrosion and prevents
formation of new pits in the neighborhood of the
pit, uniess iow oxygen concentrations or high
chioride concentrations are established. The cor-
rosion products within the anodic pit react with the
hydroxyl ions produced at the cathode sites adja-
cent to the pit to form hydroxides. After further
oxidation, these hydroxides form iron oxides,
which can form tubercles, as frequently seen in
iron corrosion {Milier 1977),

Pitting can be considered as an intermediate
stage between complete corrosion resistance and

NUREG/CR-5314
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general overall corrosion. At high chloride
concentrations, a large number of closely spaced
pits are formed and, as a result, anodic and
cathodic reactions take place everywhere on the
surface. As a result, the environment at the pits is
neutral or alkaline; oxygen has access in such an
environment. The corrosion takes place uniformly
over the surface and the resulting products are iron
oxides, Thus, a high chloride concentration will
lead to general corrosion, whereas moderate con-
centration will lead 1o isolated pits (Fontana 1986,
Arup 1983).

Sites Susceptible to Pitting—Pitting
has been reported in the BWR Mark 1 contain-
ments on the submerged surface of suppression
pools and the outside surface of a drywe!l adja-
cent to the sand pocket region (Stuart 1993,
Gordon and Gordon 1987). Pitting has also been
reported in the PWR cylindrical containments
with ice-condensers on the outside surface al the
interface of the containment wall and concrete
floor and on the inside surface at the upper and
lower floor levels

Pitting can oceur at locations where the surface
couting has failed prematurely. The locations
include, for example, areas having surface dis-
continuities that where not detected and repaired
when the original coating was applied and areas
where roughly welded seams were not scaled.,
Pits can initiate at a discontinuity (pore or gap) in
the coating where an electrolvie containing dis-
solved oxygen and sufficient concentration of
chlorne ions penetrates the coating, breaks the
oxide film, and comes in contact with base metal,

The other potential sites for pitting damage are
the outside surface of the Mark I and 11 drywells,
the embedded portion of the metal containments,
and the nside surface of the piping connected 1o
the submerged portion of the suppression pool,
Leakage of water at the drywell bellows dran line
gaskets during refueling may create a pool of
stagnant water (a corrosive environment) at the
junction of Mark 1 and 11 drywell wall and the
concrete floor. Leaching of chlorides from fill
matertal, if present between the drywell and the
secondary concrete shieid wall, can aggravate the
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corrosive environment. This environment can
damage an uncoated metal surface, while having
minimal effect on a coated surface.

The inside surface of the embedded portion of
metal containments is susceptible to pitting if the
sealant at the metal-concrete interface is deterio-
rated. The interior concrete acts as a coating to the
embedded portion of the shell and protects it from
corrosion. However, during startup and shut-
down, differences in the thermal expansion of the
concrete and metal containment may cause the
sealant 1o detenorate and create a gap or crevice
between the comainment and the concrete. Any
moisture trapped in this gap will have access to an
uncoated steel surface, creating a potential site for
pitting, Apphcation and maintenance of a sealant
at the accessible concrete-metal interfaces can
prevent entry of moisture and protect against
pitting damage.

If there are cracks in the concrete beneath the
embedded portion of the containment shell that
are connected such as 1o form a path through the
basemat, and if the waterproof membrane under-
neath the basemat is ruptured, groundwater might
reach the uncoated outside surface of the
embedded shell and make it susceptible to corro-
ston. Similarly, water from inside the contain-
ment, for example, from the BWR Mark 11
pressure suppression pool, might reach the inside
surface of the embedded shell and make it suscep-
tible to corrosion. For example, a pit may form on
a smatl area and penetrate the embedded steel,
thus compromising the leak tightness integrity of
the containment.

The emergency core cooling system suction
intake pipes are connected to the Mark 1 torus
below the waterline. A portion of these pipes
berween the torus and first check valve contains
stagnant water that might damage the inside sur-
face of the pipes (which are uncoated) by pitting.

Because pitting 15 a form of local corrosion,
total metal loss is very small. However, the
amount of metal loss is not as important as the
possibility that an individual pit may develop into
a through-wall penetration. The average pit depth
15 @ poor way to estimate pit damage, because the
deepest pit can develop a sudden leak path.
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Pitting is generally identified by the presence
of tubercles or nodules, which can be visually
detected if the affected surface is accessible.
Visual inspection can ulso detect a degraded coat-
ing on the interior surface of BWR Mark 1 and 11
containments and on the interior and exterior sur-
faces of Mark [IT and PWR cylindrical contain-
ments provided that the access to these surfaces is
not obstructad.

Pits on the submerged surface of Mark I and 11
suppression pool walls can be inspected and
repaired under water (Stuart 1993). There is no
longer any need for draining the pool and inspect-
ing it in a dry condition. Prior 1o inspection and
repair, desludging s performed to reduce radio-
logical exposure and improve visibility in the
suppression pool. The inspection includes visual
detection and counting the number of pits in a
given area, measuring the pit depths, and deter-
mining the are¢as where coating 15 not intact. The
underwater repair includes cleaning the damaged
metal surface by grinding and coating it with
underwater epoxy and allowing it to cure. The
epoxy cures in 24 to 36 hours, depending on the
temperature. The underwater inspection and
repair method has been successfully applied at 18
operating BWRs in the United States,

2.1.1.3 Crevice Corrosion Crevice
corrosion s a form of local corrosion that occurs
in the crevices or cracks, generally in the presence
of chioride solution. Similar to pitting, metals and
alloys whose corrosion resistance depends on
passive oxide film are susceptible to crevice
corrosion. Crevice corrosion occurs at shielded
areas on metal where moisture can be trapped and
become stagnant. A critical opening wherein
crevice corrosion occurs is a few thousandths of
an inch wide or less. It rarely occurs within a
crevice with a wide opening, for example, a
3-mm- (0,125-in.-) wide groove or siot.

The basic mechanism of crevice corrosion can
he explained as follows. Initially, these reactions
oceur uniformly over the entire surface. including
both the interior and exterior of the crevice. Both
oxygen reduction and metal dissolation take place
in the crevice. After a short time, the oxygen
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within the crevice becomes depleted because of
restricted mass transfer and no further reduction of
oxygen within the crevice takes place, but the oxy-
gen reduction continues outside the crevice, As
the area within the crevice is much smaller than
the arca external to the crevice, the corrosion pro-
cess continues despite the oxygen depletion, and
the system begins to operate as a differential aera-
tion cell. The dissolution of the metal within crev-
ice continues, which produces an excess of the
positively charged metallic ions in the crevice
solution. To balance the excess charge, the chlo-
ride ions migrate into the crevice, producing a
high concentration of metal chlorides, The metal
chlorides hydrolyze and produce chloride and
hydrogen ions in the crevice, which accelerate the
metal dissolution in the crevice, This, in turn,
increases the migration of CI" ions into the crevice
and the environmeni within the crevice becomes
highly acidic. When the acidity attains a critical
value, passivity breaks down and initiation of
crevice corrosion takes place. Propagation of
crevice corrosion follows the same mechanism as
pitting. The corrosion rate within the crevice
increases as the crevice width diminishes, The
crevice corrosion rate can be as high as 1.30 mm/
yr (50 mil/yr). As corrosion within the crevice
increases, the rate of oxygen reduction on the adja-
cent surface also increases. This, in turn, cathodi-
cally protects the external surfaces. Thus, as in the
case of pitting, the metal within the crevice cor-
rodes while the metal surface surrounding the
crevice undergoes little or no corrosion damage
(Fontana 1986, Szklarska-Smialowska 1986).

The preceding discussions reveal several simi-
larties and differences between crevice corrosion
and pitting of metal in chloride solution. Some
researchers believe that pitting is a special form of
crevice corrosion because micropits formed on the
metal surface act similar to crevices where highly
acidic environment develops. These researchers
also assume that crevice corrosion initiates from
pits formed inside the crevice where passivity ini-
tially breaks down. Also, from an electrochemis-
try point of view, both crevice corrosion and
pitting are identical, except crevice corrosion is
associated with a longer diffusion path (Szklarska-
Smialowska 1986),
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However, there are sufficient differences
between crevice corrosion and pitting that each
warrants separate consideration. The three main
differences are as follows: (a) crevice corrosion
can occur only in the presence of stagnant fluid in
the gap, whereas pitting can occur when the metal
surface 1s in contact with stagnant or mobile fluid;
(b) crevice corrosion 0CCuUrs in narrow gaps,
whereas pitting can occur on the surface having
small variations caused by nonmetallic inclu-
sions, grain boundary, etc,; and (¢) crevice corro-
sion initiates more rapidly than pitting because
the change in the composition of solution in a nar-
row crevice takes place at a faster rate than in an
uncovered pit. Therefore, crevice corrosion is
more detrimental than pitting in practice.

Sites Susceptible to Crevice Corro-
sion— ocations under hatch gaskets and bolts
(if coating has deteriorated), concrete embedment
regions, cork joint/steel containment vessel inter-
faces, and Mark 1 drywell outside surfaces (if
compressible material was left in place) are
vulnerable to the presence of aqueous solutions,
Proper maintenance of coatings and sealants at
these locations can minimize crevice COrrosion.

The potential for this form of corrosion exists
at the base of the vessel where the shell 1s
embedded in concrete. The interior and exterior
concrete acts as a coating to resist corrosion of the
embedded shell. However, during startup and
shutdown, differences in thermal expansion rates
may deteriorate the sealant and create a gap
between the shell and the concrete. Any moisture
trapped in this gap will have access to an
uncoated steel surface, creating a potential
corrosion site. The embedded section of the
vessel is considered a fixed support in the
resistance of laieral loads (that is, seismic, design-
basis accident piessure, and thermal expansion
loads), and, therefore, is subjected to large
stresses during lateral loading conditions. Thus,
corrosion of this shell region can have a severe
negative unpact on a vessel’s structural capacity.

As discussed in Section 1.2, some Mark [ and !1
contanments have compressible material in the
gap between the drywell vessel and shield wall,
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Moisture in this gap can become trapped against
the vessel and accelerate the corrosion rate. A
relatively large surface area can be affected by
this phenomenon, so it is considered an area of
high susceptibility to corrosion.

2.1.1.4 Differential Aeration. Differential
aeration is similar 1o crevice corrosion in that the
corrosion rate is accelerated by a difference in the
concentration of dissolved gases. Differential
aeration occurs on the metal surface where two
adjacent sites are exposed to two different
concentrations of oxygen (Fontana 1986).
Because BWR containments have suppression
pools, the area near the waterline is a potential site
for differential aeration. The metal walls of the
Mark [ and 11 suppression pools are partially sub-
merged in water. The dissolved oxygen conient in
the pool water at the waterline is higher than that
below the waterline. This condition forn.s a local
oxygen concentration cell, and the metal surface at
the waterline becomes a cathode, while the metal
surface somewhat below the waterline becomes
an anode and results in local corrosion. Other
areas where standing water can cause corrosion
because of differential aeration are the low points
in vent systems, sump drain lines, refueling seals
and skirts, the sand pocket area, and penetration
sleevas,

Recently, corrocion of an uncoated torus wall
was reported at Nine Mile Point Nuclear Station
Unit 1. The utility (Niagara Mohawk) estimated
the corrosion rate to be 0.08 mm/yr (3.2 milsyr,
which is more than twice the corrosion rate
assumed in the design. The high corrosion rate is
likely a product of differential acration (USNRC
1988b).

Visual detection of coating damage on the
intenior wet suriace of the torus is difficult. Main-
tenance of a coating in good condition and recoat-
ing of degraded wet areas can protect the metal
ay ainst corrosion. Stainless steel cladding on the
submerged metal surface in Mark U1 contain-
ments makes the surfaces nonsusceptible to
corrosion,

2.1.1.5 Microbially Influenced Corro-
sion. The problem of microbially influenced
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corrosion in the nuclear industry is receiving
increased attention. A number of cases kave been
found since its recognition, Microbially
influenced corrosion of metal can take place in
the presence or absence of oxygen in the environ-
ment and most metal alloys are susceptible to this
degradation mechamsm (Pope 1986).

Microbially influenced corrosion ¢ ten occurs
inconjunction with or subsequent Lo crevice corro-
ston and differential aeration (Pope 1986). Micro-
brally influenced corrosion occurs in sites where
maoisture, which is capable of supporting microor
gamisms, is permitted to stand (and stagnate) in
contact with metal. Microorganisms are small,
varying from less than 0.20 gm in length 1o several
hundred micrometers in length and by up to 2 to
3 pm (008 to 0.11 mil) in width, Because of their
small size, microorganisms can penetrate into
crevices (Pope 1986). The microorganisms car
hive i a wide range of temperatures |10 1o 99°C
(1410 2H0°F), pH levels (0 1o 10.5), oxygen con-
centrattons (0 1o 100%), and pressures [0.1 MPa
tatmospheric pressure) to 100 MPa (15 ksi))
(Fontara 1986). A typical corrosion rate of carbon
steel i environments conducive to microbially
influenced corrosion is 0.25 to 0.76 mm/yr (10 to
30 mil/yr) (Wolfram et al. 1988),

Microorganisms are of two types, aerobic and
anaerobic. Aerobic microorganisms use oxygen
in their metabolic processes, while anaerobic
microorganisms grow most favorably in environ
ments containing little or no oxygen (Fontana
1986). The process by which the microorganism
degrades the metal depends on the type of micro-
organism {(Pope 1986). Some degrade the metal
by creating a local environment conducive to cor-
rosion. The microorganisms alter the environ-
ment by intake of certain chemicals (a food
source) and production of waste product. The
waste products can be highly acidic and, thus,
accelerate corrosion, Other types of microorgan-
isms feed on chemicals in the coatings on the
metal shell and leave the metal susceptible to cor-
rosion. Still others are capable of oxidizing or
reducing metal tons directly. Microbially
influenced corrosion products form in discrete
deposits (nodules) in the pits on the surface of
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metal or alloy. The size of the pits is smaller than
the overlaying microbially influenced corrosion
deposits. Significant amounts of iron and manga-
nese are found in the deposits, regardless of the
type of material. Silicon, sultur, chloride, and
phosphorus are also found in the deposits.

Degradation of the systems susceptible to
microbially influenced corrosion occurs espe-
clally during construction and during outages. If
the systems are not treated by chlorination during
outages, as they are during operation, then the
propensity for this corrosion increases. Any place
where water is allowed to stand (and stagnate) in
contact with the containment metal shell is a
potential location for microbially influenced
corrosion. The most obvious site for standing
witer is the suppression pool in BWRs. Both
acrobic and anaerobic microorganisms are most
likely to exist in the suppression pool. Aerobic
microorganisms readily grow in such environ-
ments containing atmospheric oxygen, whereas
anacrobic microorganisms develop most favor-
ably in environments iy which the concentration
of dissolved oxygen approaches zero (Uhlig
1958). Aerobic microorganisms have be :n found
at the beginning of the fuel cycle when there is
enough dissolved oxygen in the normally stag-
nant coolant in the Mark 1 pressure suppression
chamber, whereas anacrobic microorganisms
have been found at the end of the fuel cycle when
most of the oxygen present in the coolant has
been consumed " Anaerobic microorganisms
consume hydrogen absorbed on the metal surface,
and iron atoms ionized in this process dissolve
into agqueous solution (Uhlig and Revie 1985).
Microbsally influenced corrosion can be mini-
mized by maintaining both an intact surface
coating and high quality water; water is most
often treated with biocides o control microbial
infestation (EPRI 1990),

Another potential corrasion location in Mark |
containments is in the sand pocket region of the
drywell. The sand pocket is the lowest location
where any moisture or condensation on the dry-
well extenor surface can collect. Both aerobic and

a. ). Wolfram, private communication, EG&G
ldaho, December 1987,
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anaerobic microorganisms can exist in the sand
pocket environment. Anaerobic microorganisms
have been found in wet sand, whereas acrobic
microorganisms have been found indry sand * The
sand pockets in Mark I containments with an
unsealed gap between the drywell and shield wall
may contain a large amount of moisture resulting
from any water leakage during refueling (Mathur
1987). Wall thinning caused by corrosion i this
region was found at the Oyster Creek Nuclear
plant. Chemical analysis of a sample of sand from
the pocket indicated the presence of microbes.
However, no substantive evidence was found to
link microbially influenced corrosion with the cor-
rosion in this instance. But, the occurrence does
show the vanable natare of microbially influenced
corrosion and its potential (Wilson 1987).

Other potential sites for microbially influenced
corrosion depend on operating occurrences and
plant-unique geometries. Any spills, leaks,
condensate, or plugged drains may create
stagnant water. Additionally, those containment
low points identified as susceptible to the differ-
ential acration mechanism are potentially suscep-
tible to standing water and. thus, microbially
influenced corrosion.

2.1.1.6 Aggressive Chemical Attack A
number of chemicals present within containments
are capable of degrading carbon steel if they
come in contact with it. The aggressive chemicals
that can potentially come in contact with the con-
tainment vessels are borated water in PWRs,
sodium pentaborate in BWRs, decontamination
fluids, and groundwater containing high levels of
chlonides or sulfates. These chemicals can cause a
marked increase in the local corrosion rate. The
reactor coolant water in PWRs typically has a
boric acid content of 0.2 to 0.4%. The contain-
ment vessel can be exposed to this water from
valve stem leakage, pipe leaks or breaks, and
spillage from refueling operations. In cases where
the leaking coolant reaches an accessible surface,
boric acid crystals or rust staining may be noticed.
Such observations are cause for concem.

The coated regions of the vessel are afforded a
certain amount of protection assuming the coat-
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ings are maintained and the spills are cleaned as
soon as possible (zinc-rich coatings are rated well
for mild acidic environments; phenolic coatings
are rated average to below average). However, if
the spill seeps through cracked concrete or deteri-
orated sealant to the embedded region, the
borated water will be in direct contact with the
steel. Similarly, undetected leakage from sumps
and embedded piping could propagate through
shrinkage cracks in the concrete toward the
embedded shell portions. On the exterior of the
embedded region, the vessel can be exposed to
groundwater if the basemat develops cracks that
are connected and form a path, and the waterproof
membrane has ruptured. Groundwater with high
chloride, suifate, and oxygen levels can acceler-
ate the corrosion in this region. Although the
operating stresses in the embedded sections are
low, the threat of potential leakage exists.
Because the metal is embedded in concrete, it is
difficult to detect the onset of corrosion and to
repair any damage.

Another potential source for aggressive
chemical degradation is the gap filler material
used by some Mark I plants. As discussed in
Section 1.2, this material can degrade and coliect
in the sand pocket. Aggressive chemicals in this
material, such as chlorides and sulfates, can signif-
icantly accelcraie corrosion rates.

2.1.1.7 Galvanic or Dissimilar-Metal
Corrosion. Galvanic corrosion occurs because
of a potential difference that exists between two
dissimilar metals in contact with water or electro-
Iyte. If two metals are placed in direct contact or
are in contact through an electrically conductive
material, the potential difference creates a flow of
electrons between them. The less resistant metal
forms the anodic site and is susceptible to corro-
sion, wh " the other metal forms the cathodic site
and is protected (Fontana 1986). An intact surface
coating does not prevent galvanic corrosion.

A potential site for galvanic corrosion in metal
containments is in the vent or penetration lines
near the bellows locations. The bellows material
is stainless steel, whereas the rest of the vent lines
and pipe sleeves material is carbon steel. The sites
on carbon steel pipe sleeves and vent lines



adjacent to dissimilar welds become anodic with
respect to the adjacent sites on stainless steel bel-
lows and are susceptible to corrosion. In many
cases, these sites are difficult to inspect or recoat,
Therefore, this type of corrosion could have a sig-
nificant impact on the integrity of the vent lines or
penetration assemblies.

It is not possible to determine all potential sites
for galvanic corrosion because the materials used
in contact with the containment shell are plant-
specific. Some feedwater, main steam, and
control rod drive penetrations have dissimilar
metal welds; Mark 111 containments have stain-
less steel cladding in the suppression chamber;
and refueling and drywell seal bellows have
dissimilar attachment welds to the containment.

2.1.2 Current and Emerging Inspection
Techniques. Inspection techniques currently
used to detect corrosion damage include visual
inspection and ultrasonic examination (UT). The
UT may include the use of a commercially
available ultrasonic thickness gauge or an electro-
magnetic acoustic transducer for the inspection of
the embedded portion of the metal containment,

2.1.2.1 Visual Inspection The most com-
mon inspection technique 1s visual inspection of
all accessible surfaces. Section XI of ASME
Code, Subsection IWE, requires visual examina-
tion of the accessible surfaces of the pressure-
retaining boundary prior to each 10 CFR
Appendix !, Type A, leakage rate test. Visual
examination can identify any flaking, blistering,
peeling, discoloration, and other signs of damage
to the accessible surface coatings. Inspection sites
at higher elevations may be accessed using scaf-
folding or ladders. Visual inspection includes
pertodic inspection of all areas of the contain-
ment, supplemented by remote inspection. Tech-
niques for remote visual inspection employ
periscopes, still cameras, stereo video cameras,
and laser scanning cameras. The lower porticn of
the containment embedded in concrete is not
accessible to visual inspections,

The inspection of the outside surface of a Mark |
drywell is difficult because the narrow annular
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space between the drywell and concrete shield
wall makes the surface inaccessible. Therefore,
visual inspection is limited to borescopic inspec-
tion through a piping penetration annulus to
examine the area directly surrounding the penetra-
tion. The inspection of the outside surface of a
PWR ice-condenser steel containment is much
casier because of the wider annular space between
the containment and the reactor building wall. The
shell outside surface, in general, can be inspecred
and, if necessary, recoated. However, heating,
ventilation, and air conditioning duct lines present
i the annular space obstruct inspection of some
portion of the outside shell surface. Assuming that
the inside and outside surface coatings are main-
tained properly. general corrosion of the metal
shell can be expected to be minimal in PWR cylin-
drical containments.

Because crevice corrosion is possible near
hatches, under gask.ts, and under bolt heads or
nuts, maintenance at these locations with grease
and lubricants can be effective in controlling the
corrosion. Periodic (5- to 10-year intervals)
visual inspection of haiches and flanged connec-
tions not opened routinely will help to ensure that
any degraded arcas receive attention. Also,
inspection and repair of the suppression pool’s
coatng, though partially submerged, is not likely
to be difficult.

2.1.2.2 Uitrasonic Inspection Ulirasonic
testing ts commonly used to monitor wall thinning
and can be used to detect and monitor corrosion on
the inaccessible side of the containment if the
other side is accessible. The Subgroup on Contain-
ment has revised Subsection IWE of ASME Sec-
tion X1, as discussed in Section 1.5.2 of this report,
to incorporate the requirements of ultrasonic
thickness measurement at susceptible areas that
are accessible only from one side. Some foreign
codes also have provisions for periodic ultrasonic
thickness measurements of containment vessels
(Canadian Standards 1987). Meta! thickness is
measured by the ultrasonic pulse-echo technique;
that is, an ultrasonic transducer transmits waves
toward the metal surfaces, signals are reflected
from the front and back surfaces, and the differ-
ence between the arrival times of these two signals
is used to determine the thickness. Metal loss is
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Figure 13. Accuracy of thickness gauges. None of the gauges was acceptable to cover all surface rough-
ness (Beissner ard Birring 1988). Copyright Nondestructive Testing Information Analysis Center; reprinted

with permission.

The comparison shown in Figure 13 indicates
that because of measurement error none of the
gauges is suitable for thickness measurements
over the entire range of surface roughness. The
Gauges B and C are preferred for use within a sur-
face roughness range of 0- to 0.2-mm root mean
square (RMS), whereas the Gauge A is preferred
for use only within a surface roughness range of
0.1 10 0.2-m RMS. [A surface roughness of
0.1-mm RMS is equivalent to an average pit
depth of 0.28 mm (12 mil) if surface profile varia-
tion is sinusoidal.] None of the five gauges is pre-
ferred for measuring the surface roughness
greater than 0.2-mm RMS because of the large
measurement errors. The different accuracies of
these gauges result from their design differences.

Some types of digital gauges have circuitry for
display on an oscilloscope. Such a gauge when
connected to oscilloscopes can reveal any UT
scattering caused by rough, corroded surfaces
(Figure 12b)° and, thus, provide warning about
incorrect thickness measurements. In such a case,
use of a focused transducer and bubbler with a

¢. A S Birring, private communication, The Light
Company, Houston, November 1990
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water column would provide more accurate thick-
ness measurements,

The external surfaces of Mark 1 and Mark 11
metal containments are also susceptible to coiro-
sion damage, but their surfaces are inaccessible.
Standard ultrasonic testing techniques are used to
measure wall thinning at selected locations to
determine corrosion damage (General Public
Utilities 1987); however, for severe damage the
results may not be reliable because of the ultra-
sonic scattering discussed earlier.

BWR Mark IIl and PWR steel containments,
because of their larger annular space, are at a
significant advantage. The shell exterior can be
inspected and, if necessary, recoated. Assuming
that the interior and exterior coatings are main-
tained properly, general shell corrosion can be ex-
pected to be minimal in these containment types.

Inspection of the subierged surface of the torus
wall involves draining the suppression chamber or
employing underwater examination techniques.
Draining the suppression chamber results in a
large pressure reduction that may cause additional
hlistering or popping of existing blisters in the
coating. Recently developed underwater
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techniques can be used to detect corrosion, These
technigues include dislodging, ultrasonic map-
ping of critical areas, coating adhesion tests, and
measurement of dry film thickness. (USNRC
19884, 1989a, Beissner and Birring 1988),

As discussed in Section 1, a portion of the
emergency core cooling system piping in BWR
Mark [ plants constitute a part of the containment
pressure boundary. This portion of the piping is
susceptible to corrosion because it is made of car-
bon steel and contains stagnant suppression pool
water. Ultrasonic inspection can detect thinning
of piping caused by corrosion.

The lower portion of the outer surface of the
wall in Mark I containments is in contact with
sand, gravel, and, possibly, ground water (see
Figure 8). In addition, in some Mark | contain-
ments, the lower portion of the ner surface of
the wall adjacent to the sand pocket is covered by
a concrete floor and is not accessible to the stan-
dard through-wall, pulse-echo type ultrasonic
examination technique for the detection of wall
thinning. Therefore, it is difficult to assess the
integrity of these containments,

2.1.2.3 Inspection of Embedded Portion
of Containment Vessel. The embedded por-
tion of metal comamnments may have a potential
for corrosion if the rubber membrane undemeath
the basemat, which is provided in some plants, is
ruptured and cracks in the concrete underneath
the containment shell are connected such that the
aggressive groundwater comes in contact with the
shell surface. The groundwater would break
down the protective alkaline environment of the
concrete by reducing the pH to <11.5 and corrode
the shell. Electromagnetic acoustic transducers
and half cell potential (corrosion potential) mea-
surement iechniques are a potential means of cor-
rosion detection 1n the embedded portion of the
metal contamments. Laboratory tests have shown
that the electromagnetic acoustic transducers can
detect simulated corrosion-like defects in steel
plate, but cannot locate or size it. The half-cell
potential measurement technique has been used
both in the ladoratory and field to detect corrosion
damage in reinforcing steel bars in concrete.

NUREG/CR-5314
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The electromagnetic acoustic transducers con-
sist of transmitter and receiver, both of which con-
tain a permanent magnet or electromagnet and a
coil. The transmitter coil is excited by high radio-
frequency current (approximately 1 MHz) to
induce an eddy current in the surface of the metal.
The eddy current interacts with the magnetic field,
generated by the transmitter coil to produce
Lorentz force in the metal. The force produces

«ded plate waves in the metal. When receiving

asonic energy, the vibrating specimen can be
arded as a moving conductor or a magnetic
1d, which generates current in the receiver coil.
I'he generated current is processed by the instru-
ments in the circuit to display the signals.

There are several advantages of using electro-
magnetic acoustic transducers for the detection of
corroston damage. A couplant is not needed
between the transducer and metal surface because
the ultrasound 1s generated directly in the metal
rather than in the transducer. A typical distance
between transducer and metal surface may be up
to 1.5 mm (59 mils). Generated ultrasound plate
waves have high energy, which enables them to
travel long distances paralle] to the surface of the
plate. The wave velocity is independent of plate
thickness because the polarized waves can travel
parallel to the metal surface. Finally, ultrasound
can be generated through a surface coating that
can be as thick as 1.5 mm (59 mils); the maximum
thickness of containment coating is about
(.48 mm (16 mils).9

The electromagnetic acoustic transducers are
used in the laboratory to detect simuiated
corrosion-like defects in a large [4.9-m- (16-ft-)
long, 2.1-m- (7-ft-) wide, and 25.4-mm- (1-in.-)
thick] steel plate. The electromagnetic acoustic
transducers may be used in two different modes to
detect deepl, penetrated corrosion-like defects:
pulse-echo mode and through-transmission mode.
in the pulse-echo mode, the transmitter generates
ultrasound in the plate paraliel to its surface. A sig-
nal scattered by a corrosion-'ike defect is picked
up by a recetver placed near the transmitter. In the
pulse-echo mode, a flaw at least half-way through

d.  B. W. Maxfield, private communication, Innova-
tive Sciences, Inc,, February 1992



the .ransducer can be detected. In the second
mode, the through-transmission mode, the trans-
ducer transmits ultrasound from above the plate at
one side of plate, which travels through the plate
parallel to its surface, and is received by the trans-
ducer at the other side. Deep corrosion damage
{(more than 75% of the well thickness) at a distance
of 15.24 m (50 ft) from the transmitter can be
detected, but its location cannot be determined
(Maxfield and Kuramoto 1988\,

the plate thickness and as far as 2.6 m (15 fi) from
|

The electromagnetic acoustic transducer can be
further developed to detect corrosion in the
embedded portion of the containment. For exam-
ple, in the pulse-echo mode, the transmitter can
send ultrasound along the embedded drywell wall
of the containment from above the concrete floor
where the inner surface is accessible (such as
point A in Figure B). Signals scattered by the
corrosion damage area can be picked up by a
receiver placed near the transmitter, in the
through-transmission mode, the transducer
transmits ultrasound from above the concrete
floor on one side of the drywell shell through the
embedded portion of the shell for about 30.5 m
(100 1) to a point above the floor on the diamet-
rically opposite side, where a receiver picks up
the signal. This mode is not sensitive to small
amounts of corrosion, but may detect deeply
penetrated corrosion damage. Further work may

High-impedance
voltmeter
SH - ) S
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o
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make this a redable inspection technique for the
embedded portion of a metal containment.

Electroma netic acousitic transducers have also
been used in other industries. Examples of these
applications include detection of fatigue cracks in
wheels on freight cars of U.S, design, flaws iu
heat exchanger tubes, and flaws in metals (in steel
mills) moving at high speed |61 km/hr (200 fi/
min)} (Schramm and Clark, Jr., 1988,
Krautkramer and Krautkramer 1990, Alers and
Burns 1987).

The half-cell poteniial measurement technique
has been used to detect corrosion of reinforcing
steel in concrete bridge decks and can be used
possibly in the embedded portion of a metal
containment vessel. The technique consists of an
electrc chemical cell in which a copper electrode
immersed in water saturated with copper sulfate
acts as a reference electrode, and the reinforcing
bar acts as another electrode of the cell, as shown
in Figure 14, The reference electrode is called a
half cell.* and the technique using such electrode
is called the half-cell potential measurement tech-
nique (ASTM 1991, Malhotra and Carino 1991),

e, The rate of copper dissolution and deposition are
the same in the half cell: there is no net change in the
reference electrode system.

.~ Cu/CuS04 reterence

electrode

e Sintered glass membrane

- Sponge

4

- — Reinforcing bar
x _~ Conurete

NO2 0250

Figure 14. Schematic of half-cell potential measurement technique for reinforcing bar.
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environment such as concrete, and it also allows
remote anode locations, which produces more
efficient current disiribution over the surface of a
component to be cathodically protected.

Overprotection of a component with a large
voltage difference or with too much extemal cur-
rent has several disadvantages (Heidersbach
1987). The overprotection can damage the com-
ponents being protected; it can cause blistering or

I——o/O—-———I I}“’ O

i

Anode
Cathode

R Wl § T —— . P e  EE S —
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disbonding of the coating on the surface of the
steel containment siell and hydrogen embrittle-
ment of high-strength steels such as tendons in
prestressed concrete containments. The over-
protection can also cause stray current corrosion
of adjacent metal components.

Figures 15 and 16 are simple schematics that
illustrate the basic principle of the impressed-
current anode system. Figure 15 shows corroding

Electrolyte

0-8677

Figure 15. Flow of local-action current in open-circuit cond... a (Uhlig 1948). Copyright John Wiley &

Sons: reprinted with permission.
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I

Protected metal
Anode

Electrolyte

Auxiliary
anoga

g\‘{/f/—

0-6674

Figure 16. Supcrposition of impressed current un local-action current in a closed-circuit condition
(vector sum of current in and out of anode on protected metal is zero) (Uhlig 1948). Copyright John Wiley

& Sons; reprinted with permission.
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metal surface surrounded by an clectrolyte. The
metal is connected to the cathodic protection
system with no external current passing through
the system. The metal surface 1s idealized by rep-
reseniing all ancdes on the metal surface by one
placed symmetrically between two cathodes. The
schematic shows the flow of local-action current
passing from a local anodic area, for example. a
pit, into the electrolyte, and then to the local
cathodic area covered with oxide film. As there is
no external current in the system, a cathodic
pretection system does not provide any protection
to the corroding metal.

Figure 16 shows the cathodic protection sys-
tem with a battery supplymng direct external cur-
rent (impressed current) to protect the corroding
metal. The direct current flows from an external
source to the impressed-current anode, also called
auxiliary anode, and then through the electrolyte
to the surface of the structure and vectorially can-
cels the current flowing out from the local anodic
area. The amount of external current needed
depends on the requirement 1o support a cathodic
reaction over the whole of the metal surface to be
protected. (If the negative terminal of the battery
is erroncously connected to the auxiliary anode so
that the external current flows in the opposite
direction, it will actively support the corrosion of
the metal.) There is a certain minimum current
density thai needs to be exceeded to prevent cor-
rosion of the metal surface. The presence of a
depolarizer, such as oxygen or chlonde, increases
current requirements for metal protection.

Criteria for Cathodic Protection. A num-
ber of ¢riteria for cathodic protection have been
developed for ensuring that the structure is ade-
quately protected. The criteria are based on the
voltage of the protected metal surface instead of
on the magnitude of applied current, because the
voltage can be more easily measured with the use
of a reference clectrode such as a saturated
copper/copper sulfate electrode.

The National Association of Corrosion Engi-
neers has developed five criteria for cathodic
protection of buried steel pipelines, The most
common and widely used criterion is that the
voltage between the cathodically protected metal
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surface and the saturated copper/copper sulfate
reference electrode should be at least ~0.85 volts.
Deternmunation of this voltage 1s to be made while
the protective external current is apphied. Davis
and Kellner (1989) examined the theoretical basis
of the five criteria and concluded that only one
criterion, the -0.85 volts criterion, 15 valid based
on thermodynamics principles.

Cathodic Protection of Mark | Drywell.
Ovyster Creek employed an impressed-current
cathodic protection system to mitigate corrosion
of the containment shell near sand pocket
elevations (Gordon 1988). The system, designed
to protect the uncoated embedded metal shell,
includes an auxiliary anode, a rectifier (a source
of tow voltage de power), and a reference
electrode (General Public Utilities 1987). The
auxiliary anode has an outside diameter of
3,18 mm (0.125 in.) and is constructed from
co-extruded metals consisting of an external,
200-pin. layer of plated platinum, a middle layer
of mobium, and an mner core of copper for con-
ductivity. The reference electrode, made of silver
and silver chlonde, 1s placed in the sand close to
the metal shell to monitor the potential of the
shell. The eiectrode provides feedback to an auto-
matic potential control rectifier circuit to main-
tain a specific potential on the metal shell within
a preselected range. Placing the reference
electrode close to the metal shell minimizes the
voltage drop through the electrolyte.

Figure 17 shows the configuration of the
cathodic protection system for the Oyster Creek
drywell. The applied voltage need oniy be
sufficient to supply an adequate current density to
all parts of the drywell. The current density 15
based on the total area (both anodic and cathodic)
of the metal shell that is in contact with sand. The
impressed-current density necessary to protect
the metal shell increases whenever its corrosion
rate increases. The cathodic current for a metal
shell depends on the conductivity of the soil, the
physical location of the shell, and the condition of
coating, which vary from place 1o place. Any
change in the conditions of sand alters its resis-
tance: for example, leakage of water into dry sand
decreases its resistance and increases its
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conductivity. Necessary current densities for dif-
ferent locations of the metal shell are different;
hence, fifteen separate rectifiers, contained in the
rectifier enclosure, supply current to fifteen inde-
pendent anudes. The potential criteria were devel-
oped by mock test to achieve adeguate cathodic
protectio., because it was not practical to produce
and monitor a uniform current distribution on the
large surface area of the steel shell. A potential
difference on the order of -1.0 V or more nega-
tive 1s maintained between the metal shell and the
reference electrode for complete cathodic protec-
tion. When the platinum is consumed, niobium
protects the anode by creating a passive film on
its surface, halting the discharge of current to the
sand. At this poimt, the shell is no longer protecied
by cathodic protection. The auxiliary anode needs
to be replaced for continued protection of the
shell,

The reference electrode, which is equipped with
a waler sensor, detects the presence of any mois-
ture in the sand and sends a signal to the rectifier
(Oyster Creek 1989). In tum, the rectifier adjusts
the potential difference between the metal shell
and the auxiliary anode within the limits 10 main-
tain adequate cathodic protection. Theoretically,
the embedded portion of the metal shell in the dry-
well 1s not expected to corrode under these
conditions as long as the appropriate external
direct current is maintained. However, the applica-
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The cathodic protection system for the Oyster Creek drywell.

tion of cath dic protection to the Oyster Creek
Drywell was not successful because the sand in the
region immediately surrounding the anodes had
become dry and the needed external direct current
could not be maintained because of high electric
resistance. The corrosion of the Oyster Creek dry-
well 18 discussed in Section 4.1, 1,

2.1.4.2 Inerting the Gap Atmosphere
Another potential technique for mitigating
exterior surface corrosion on containments with
maccessible gaps 15 to inert the atmosphere of the
gap. Removal of oxygen from the atmosphere
prevents oxidation of the metal surface. However,
the oxygen concentration needs to be reduced 10
well below 1% by volume for this practice to be
effective. To accomplish this, the gap is be sealed
at the drain and shield wall penetration locations,
Nitrogen (or another suitable gas) is then pumpea
in at one location, with venting for release of the
air in the gap. However, controlling the oxygen
content of air to the low levels required is difficult
when nitrogen is present.

There are several other drawbacks to this tech-
nique. It has not been implemented at any plant,
$0 11 1s unproven in the field. Additionally, not all
containments with small gaps are candidates for
the techmgque. Fill material in the gap may make
merting unfeasible. Also, gaps with construction
material (for example, Ethafoam) at the concrete

NUREG/CR-5314




Corrosion Damage

{ift heights would need additional nitrogen
monitoring instrumentation or equipment, or
both, to ensure that each region is inerted. Further
evaluation of this technique would determine its
feasibility.

2.2 Degradation of Coatings

Coatings protect the structure and components
from corrosion caused by all the mechanisms
discussed in Section 2.1. Coatings also facilitate
decontamination. Most operating LWRSs have
similar types of coatings. These coatings have
been applied according to manufacturers’
recommendations, anc the available industry
standards were used as guidelines for selection of
the original coatings. However, both interior and
exlerior environments may cause degradation of
containment coatings. This section describes five
major stressors that cause coating degradation,
discusses techniques of maintaining the coatings,
and presents data on containment coating life.

2.2.1 Stressors. The five major stressors
causing degradation of coatings are described as
follows:

| Temperature Temperature can cause
farlure of a containment coating in that the
coating dries and hardens, causing shrink-
age and cracking. At high temperatures,
coatings will disintegrate and stop provid-
ing corrosion protection, For example, an
epoxy coating will disintegrate at 120°C
{248°F) (Stoller 1987). The corresponding
temperature for zinc-rich coating is higher.
Once moisture and oxygen penetrate the
coating, local corrosion of the metal surface
can result and propagate, lifting the coating
in the form of blisters, peels, and flakes,
This process is detectable by visual inspec-
tion and manifests itself through irregular
coating surfaces, rust staining, and, ulti-
mately, coating delamination. Temperature
can also cause differential thermal expan-
s1on, causing stresses between different lay-
ers of the coating (especially in relatively
thick coatings), and between the coating and
base metal (Munger 1984). Potential areas
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of concern include containment areas adja-
cent to main steam lines and upper drywell
surfaces.

Condensation and Immersion High
humidity, condensation, and immersion can
degrade containment coatings. Areas where
condensation and immersion may degrade
coatings are also the most likely sites of
accelerated corrosion of metal substrates. In
the normal metal containment atmosphere,
condensation occurs at cool surfaces (for
example, near coolers and uninsulated
piping). Those metal containment compo-
nents whose protective coatings are subject
to continual or penodic immersion are the
suppression chamber, vent system, drywell
components above the drywell bellows, and
the drywell sump. if piping penetrations are
misaligned, water can collect in the sleeves
and degrade coatings.

Radiation. Radiation can cause failure of a
containment coating in the form of
embrittlement. The coating dries and
hardens resulting in shrinkage and cracking.
Radiation degrades coating ..aterials by
ionization. If enough radiation is present,
the molecular bonds of the surface treatment
will break, and the material will begin to
disintegrate. Organics are more prone to
embrittlement degradation by ionizing radi-
ation than inorganics. Maximum allowable
radiation doses for epoxy-polyamide and
inorganic zinc coatings on steel are 1 x 1010
and 2.2 x 10'0 rads, respectively (Munger
1084).

Stressor Causing Physical Damage
Physical damage 1s most prevalent in areas
where plant personnel or equipment
interaction with the coated surfaces is
greatest. Chipping, gouging, and wear can
occur when equipment is transported during
mantenance activities. Mechanical wear or
abra: ion by equipment close to the contain-
ment may also occur. High traffic areas,
areas of mechanical activity, and locations
whe e spills or component replacements



occur can be inspected to detect any damage,
allowing repair work to be performed.

5. Damage Caused by Corrosion of
Base Metal. The presence of a light
surface rust on the base metal may tend to
flake or chip the coating. This form of
degradation may have only local effect for a
properly coated substrate. Gouge marks,
cracks, or pinholes are the typical stressors
on the coated surface. These stressors
permit moisture to reach the substrate metal
surface through the coating. With time, the
substrate corrosion spreads and lifts the
coating, which in turn exposes a larger base
metal surface to the moisture and acceler-
ates coating delamination, The damage rate
of containments for a zinc-rich coating will
be smaller than that for epoxy and red lead
coatings because zinc is more anodic to
carbon steel. Use of proper coating tech-
nigues and application of several coats to
ensure surface sealing can protect the con-
tainment against this form of degradation.

2.2.2 Coating Life. The aging effects of qual-
ified metal containment coatings have not been
quantified (EPRI 1986). It is expected that com-
bined thermal, humidity, and radiction aging
effects will result in local degracation and
consequent maintenance activities during the life
of a containment. Mark | suppressic a chambers
are routinely inspected internally (7- to 15-year
intervals), and most plants have performed local
repairs, USNRC Information Notice 88-82 alerts
BWR plants of torus shell corrosion and coating
degradation (USNRC 1988a). Brunswick and
Dresden 2 have reported coating problems in the
submerged regions of the torus. The inside sur-
face of Mark I drywells is also routinely
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inspected, and several plants have performed
local repairs. The Notice reinforces the need for
inspection and maintenance for continued coating
life of a metal containment. When the local
repairs become excessive, recoating of the entire
surface is the most cost-effective solution. To
date, no plant has completed an entire recoating
of its containment surfaces. However, at least
three U.S. plants have completely recoated the
entire inside surface of the torus, and one other
plant is considering the use of aluminum oxide
metal spray to coat the inside surface. At least one
U.S. plant (about 15 to 20 years old) is planning
to recoat the entire inside surface of both the dry-
well and torus.

Data on containment coating life is based on
the age of existing plants, some of which exceed
20 years (sec Table 1 in Section 1). The coating
life for wet or submerged service ranges from a
minimum of 7 years to an upper limit of 15 or
more years, depending on how the coating is
applied and which coating products are used. It is
expected that in a relatively dry environment
coatings on interior containment surfaces will last
a minimum of 40 years if sufficient maintenance
is performed. Many of the degradation modes
described above highly depend on the quality of
initial coating application. Failures resulting from
poor application are generally apparent in the first
few years of operation. Once this period is
exceeded, coating life depends on maintenance.
The economic life of the coating is determined by
comparing maintenance costs with recoating
costs. Based on the high cost of recoating
(including surface preparation, application,
cleanup, and personnel dose costs) and the cost
associated with the outage time needed for recoat-
ing, maintenance can be extensive before its costs
exceed those associated with recoating.

NUREG/CR-5314



3. ASSESSMENT AND MITIGATION OF DAMAGE
CAUSED BY FATIGUE, STRESS CORROSION CRACKING,
WEAR, AND SETTLEMENT
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Figure 18. Material S-N curves, showing
reduction in fatigue life because of corrosion.

of the environment, showing that the corroded
sample fails in fewer cycles for the same level of
stress. Furthermore, an endurance limit (lower
bound) is not readily apparent for the corroded
material. This illustrates the impact that corrosion
has on fatigue life. At this time, however, analysis
of fatigue is not being performed for nuclear con-
tainments having rough corroded surfaces.

Assessment and Mitigation

Another factor affecting the fatigue life is
applied and residual stress. The stress range
determines the material damage for each load
cycle. Thus, larger stress ranges produce more
damage during each cycle. This concept 1s
depicted by the ASME Section I fatigue design
curve applicable to containment vessel matenal,
as shown in Figure 19; the vertical axis is the
cyclic stress amplitude with mean equal to zero
and the horizontal axis is the number of cycles.
The curve is applicable for the base metal, weld
metal, and heat-affected zone, though the values
are based on base metal tests.

Field welding introduces high residual stresses
in heavy weldments such as a penetration weld-
ment; however, these weldments are stress
relieved. The transition knuckle in Mark I contain-
ments and top head flanges are also field stress
relieved in accordance with ASME Code. There-
fore, the residual stresses at these sites are low. In
addition, any increase in the mean stress because
of residual stresses has little effect on the low-
cycle fatigue life of the contaminate shell (Langer
1962, Burgreen 1975). This is so because the
yielding that might occur during operation reduces
the effective magnitude of the mean stress.

Lo S B S A 2 N I R A B AR INERL

= -

C -

: o v - msw.o"' N

e UTS 1150 - 130C ksi

P — g
2 E- interpoiate for UTS BOO - 1150 ksi =
» 3
B -
g .
102 -y
= 3
\ 4

—

ol ol ogopapd oo veawnd oo el a3 1T

10 102 108 104 104 W0
Number of cycies (N)

06580

Figure 19. S-N curve for carbon, low alloy, and high-strength steels. (Note: E = 30 x 10° psi). Copyright
Amenican Society of Mechanical Engineers: reprinted with permission.
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Assessment and Mitigation

The cyelic loads that a containment vessel 1s
stibjected 1o are as follows:

e Startup/shutdown cycles (temperature
transients)

e Pipe reactions (al penetrations)
o Crane loads (for BWR Mark [11s and PWRs}
o Leakage rale test pressures

e Safety relief valve discharge tests (includes
sicam condensation loads) (BWRs)'

o  Refuehing loads IBWRs)

*  Any vessel loads incurred during replace-
ment of internal components (these are not
generally considered in the original design)

. Seismic loads.

These cyclic loads are not expected 1o cause any
significant fatigue damage to the mewl contain-
ments because the containment are designed with
sufficient margin (o allow for these loads. How-
ever, if the surface of the containment vessel
becomes rough because of corrosion or wear, sig-
nificant fatigue damage maight take place,

The primary technigue for mitigating fatigue is
to reduce the number and level of load cycles
acting on the comtainment vessel. Potentially, the
number of cycles could be decreased by reducing
scrams and by evenly distributing the discharge
testing of the safety relief valves in BWRs,

Fatigue data for metal containment material
with a smoaoth surface consist primarily of S-N
curves, such as those shown in Figure 19, The
curves relate the number of service cycles to
stress intensities. S-N diagrams are established
for a given material by complieting a number of
tests aimed at determining how the fatigue
strength of the material varies with the number of

f.  Earhier, these tests were conducted in the field
with the valves in place, but this practice has been dis-
continued, having been replaced with the bench tects.
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load ~ycles applied 1o the material. For steels,
there is a cyclic stress amplitude below which
tatigue failure will not occur, no matter how
many load cycles are applied. This stress ampli-
tude 1s known as the endurance limit or fatigue
limit (at approximately 10 To use these S-N
diagrams for fatigue assessment of metal contain-
ments, compare the current number of cycles the
containment has endured at a certain design stress
level with the corresponding number of cycles on
the S-N curve.

Development of fatigue curves for the contain-
ment vessel, taking into account the corrosive
influence of its environment, would facilitate
more effective aging management of the vessels.
Current engineering research on fatigue of cor-
roded surfaces may be monitored to facilitate
future life evaluanons of containment compo-
nents not protected by coatings and subject to
fatigue cycling. Additional research and develop-
ment, if performed for specific containment
conditions, would establish applicable S-N
curves.

3.1.1 Assessment of Fatigue Damage I
the number of load cycles a vessel is expected 10
experience by the end of its licensed lite does not
exceed that specified by the criteria given in the
ASME Code, Section 1l (see Sebsection NE,
Paragraph NE-3221). fatigue damage will be
small. However, the criteria given in the ASME
Code do not account for surface roughness and
the metal shell 1s susceptible to significant corro-
sion damage. If the fatigue damage is expected to
be significant, a detailed assessment of fatigue
damage can be performed. The assessment, based
on cumulative damage theory, will determine the
acceptable number of cycles for each load type.

The first step of the fatigue assessment is to
define the cyclic ioads to which the containment
vessel is sublected. The typical cychic loads are
listed earlier in Section 3.1, However, plant-
unigue conditions may create variations in the
list. A review of the vessel design calculations
provides specific information on the vessel loads.

Once the cyclic loads are defined, it is neces-
sary to estimate the rate at which the loads will
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oceur. Generaily, information is needed on the
historical rate at which the loads ha ¢ occurred,
This information is generally available from the
plant operating records. A simple technique 10
calculate the rate at which the loads will occur is
given by the following equation:

I, = -TT_:—T| (4)
where
I = rate of cyclic load occurrence
(cycles/yr)
n = cychic load occurrences to date
I = current time
1, = inital time.

Equation (4) makes possible a linear extrapola-
tion for the future rate of cyclic load occurrences.
‘the extrapolation, in tum, provides a linear equa-
tion for the occurrence of eyclic loads, as follows:

nl = nL(' o l",& (AT) (q,

where

the number of load cycles at the
end of time increment AT for the
i load type

N = the actual number of load cycles
of the i load type to date

Y = rate of occurrences for the ith
load type

AT = time increment (yr).

In linear cumulative fatigue damage theory, the
total fatigue damage resulting from all cyclic load
types is equal to the sum of the damage from the
individual load types. In equation form, this can
be written as follows (from the ASME Code);

By i , 0
N, a0 ha

Pl

!

< 1.0 (6)
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”*

e S —

47

A el s N N N N S TSR EESSSN R RS, e

Assessment and Mitigation

where

1 = actual number of load cycles
for the i load type

N; = acceptable number of load
cycles for the i™ load type as if
that were the only load type
apphied

i = 1,2,.K

(mi/Ni} = the fatigue usage resulting

from the i™ load type.

For each load type (as listed in Section 3.1), the
stress amphitude needs to be determined. The
amplitude values can be found by the vessel stress
analysis or may be calculated by conventional
stress analysis technigques. Wall thinning caused
by corrosion and stress concentration resulting
from the rough corroded surface can be accounted
for in determining the stress amplitudes. The
value of N for each load type can be read from
Figure 19.

Additionally, the vessel must be capable, at any
point 1n its life, of withstanding the load cycles
resulting from a design-basis accident and safe
shutdown earthquake. Thus, Egquation (6)
becomes

“' - n: " |\3 + + "ls
Ny g TRl e SR

= l L (n/N ’F(‘)l. (7)
where

(0MNgo;. = the available fatigue life
needed at the end of the

vessel's life.

3.1.2 Current and Emerging Inspection
Techniques. Current inspection techniques for
characterizing fatigue flaws in metal containment
shells consist of visual inspection, liguid pene-
frant inspection, magnetic-particle testing, and
eddy-current testing. These inspection techniques
can detect the flaws, nicks, and gouges in the
metal containment that can create stress
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concentrations, so that monitoring or repairs can
be performed. Surface cracks are more likely 10
be in the toe of welds (Sea Test Service 1988).

The ASME Code Section XI, Subsection IWE,
requires visual inspection of coated welds in
metal containment structures. If a flaw is detected
in the painted surface during inspection, the code
requires removal of the coating, followed by flaw
evaluation using supplemental techniques and
replacement of the coating. Liquid penetrant
inspection can nondestructively find discontinui-
ties such as surface cracks, gaps, porosity, and
shrinkage areas. Liquid penetrant inspection is
also used for testing of stainless steel bellows.

Magnetic-particle testing is used for locating
surface and subsurface flaws in ferromagnetic
materials. When the material being tested is mag-
netized, magnetic discontinuity that lies in a
direction generally transverse to the direction of
the magnetic field will cause a leakage field to
form at and above the surface of the material. The
presence of this leakage field, and therefore the
presence of a flaw, is detected by the use of fine
ferromagnetic particles applied over the surface,
with some of the particles being gathered and
held by the leakage field. This magnetically held
collection of particles forms an outline of the flaw
and generally indicates its location, size, and
shape. Magnetic particles are applied over a sur-
face as dry particles or as wet particles in a liquid
carrier such as oil or water. Magnetic-particle
tesung may be used for inspecting a containment
wall without removing paint or protective
coatings.

Detection of a flaw by magnetic-particle test-
ing through a coated surface depends on the flaw
size, shape, depth, orientation, and location, and
on the thickness of the coating. Laboratory tests
have shown that magnetic particle testing can be
reliably applied to satisfy the Subsection IWE
requirements for verification of a suspect visual
inspection. A surface flaw 12.7-mm long and
0.02-mm wide (0.5-in. long and 0.001-in. wide)
present underneath an intact coating up to 16-mil
thick can be reliably detected (Sea Test Service
1988). It is generally agreed that magnetic
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particle testing is more sensitive than other test
techniques for the characterization of flaws
longer than 6.3 mm (0.25 in.) (Sea Test Service
1988). However, the measured length and width
of a small tight flaw underneath the coating are
significantly different from the actual length and
width. The measured length of a flaw underneath
a 10-mil-thick coating is 20% shorter than its
actual length. For example, a 6.35-mm-
(0.25-in.-) long flaw on the base metal is mea-
sured as a 5.0-mm- (0.20-in.-) long flaw. Also, the
measured width of a flaw a 10-mil-thick coating
is 83% wider than its actual width. For example, a
0.30-mm- (0.012-in.-) wide flaw on the base
metal is measured as a 0.56-mm- (0.022-in.-)
wide flaw (Cook, Holm, and Lassahn 1988).
Magnetic particle testing is sensitive to liftoff
(distance from the flaw to the test surface), with
the indications becoming weaker as liftoff
increases. Working overhead, where coatings are
typicaily greater than 0.25 mm (0.010 in.) thick,
is difficult with the magnetic particle testing
technique.

Another technique, called magnetography, is
potentially less sensitive to liftoff because the
magnetic field strength (on which this technique
depends) falls off more slowly with distance than
in the magnetic particle technique (Burkhardt and
Fisher 1990). Therefore, for a given value of lift-
off, the magnetographic technigue is expected to
have a higher degree of sensitivity to smaller
flaws than the magnetic particle technique. In
other words, for a given value of liftoff, the mag-
netography technique can detect smaller flaws
than the magnetic particle technique (Burkhart
and Fisher 1990). A special magnetic tape is
pressed on the metal surface during magnetiza-
tion. The tape is then removed for processing and
analysis of indications. The noise in signals from
indications can be suppressed, and the output can
be displayed on an oscilloscope. Typical tape
thickness is 0.5 mm (20 mi!). The tape can be
used on underwater surfaces or even on an
improperly cleaned weld surface.

Eddy-current inspection is an effective com-
plementary technique for use on coated surfaces
to detect flaws in the toe of a weld. An advantage
of eddy-current testing is that sensitivity is not as
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movement, axial or lateral, has relatively little
unpact on the number of allowable deflection
cycles. However, a flaw size equal to 50% of the
ply thickness can significantly reduce the number
of allowable cycles tless than 100 ¢ycies, in cer-
Lain cases).

The bellows’ residual life is assessed through
examination and analysis. A dimensional
examination of the bellows typically needs to be
performed to determine the movement and any
misalignment in the hot or cold position. In addi-
tion, an examination of the convolutions of the bel-
lows is necessary to detect and measure any flaws
The examination uses equipment capable of accu-
rately measuring the depth of the flaw. Eddy-
current testing, though not perfectly suited 1o
cxamination of the bellows, can be acceptably
accurate.

A fatigue analysis of the bellows considers the
as-instalied geometry and accounts for the fatigue
strength reduction factors, Note that the analysis
is based on pseudo-elastic techniques. The
stresses calculated by these technigues are often
well above the yield or ultimate strength of the
material. These stresses are not actual stresses,
but their values are correlated to the S-N curve for
bellows, as shown in Figure 20 (EJMA 1980).
Therefore, the usable range of stresses on the
curve, 830 10 2070 MPa (120,000 to 300,000 psi),

1s reasonable for the bellows analysis techniques.
The analysis will yield an allowable number of
load cycles that the bellows can endure. As in the
containment shell fatigue analysis, the projected
riumber of actual cycles will have 1o be correlated
to operation tme to estimate the fatigue damage.

3.2.2 Transgranular Stress Corrosion
Cracking. The cold-worked Type 304 stainless
steel is susceptible to transgranular stress corro-
sion cracking (TGSCC) when exposed to corro-
sive species such as chlorides and fluonides (Logan
1966). Kuniva et al. (1988) have detected TGSCC
in cold-worked nonsensitized austenitic stainless
steel. Several two-ply bellows in the BWR Mark |
containments have experienced TGSCC damage
and have been replaced (Stols 1991),

Transgranular stress corrosion cracking 18 nor-
mally characterized by the long incubation period
and slow crack propagation. As the tensile
stresses acting on the specimen increases, the
incubation period decreases and the propagation
rate increases. High residual 2nd tenstle stresses
in the bellows and water containing a sufficient
amount of chlorides collected on the interior
portion of the bellows create the necessary
condition for TGSCC initiation on the bellows
mnner surface. Eventually, TGSCC is likely to
cause a leakage before causing a catastrophic fail-
ure of the bellows.

[T L g e i o B T T T T T T
T¢ = temperature correction factor
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Figure 20. S-N curve for austenitic stainless steel bellows. The solid line represents the valid portion of
the curve, The dashed lines, which represent the low- and high-cycle regions of the curve, are based on
insufficient data points (1 MPa2 = 145 psi). Copynght EJMA| reprinted with permission.
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3.2.3 Intergranular Stress Corrosion
Cracking. Intergranular stress corrosion
cracking (IGSCC) of a stainless steel bellows has
never been observed. However, there is a
potential for such damage to occur. Intergranular
stress corrosion cracking (1GSCC) in austenitic
stainless steel results ‘oo the simultaneous pres-
ence of three contrisuting factors. a sensitized
microstructure, a tensile stress above the
at-temperature yield stress, and a chemically
aggressive environment that will support the
occurrence of IGSCC. The sensitization of the
microstructure of austenitic stamnless sieel occurs
when the material is exposed to temperatures
between about 550 and 850°C (1020 and 1560°F )
for certain minimum periods of time. This leads
o precipitation of chromium carbide particles
near the grain boundaries and a depletion of Jocal
chromium content. If the dissoived chromium
content in the neighborhood of the grain bound-
anes falls below about 12%, the material
becomes susceptible 10 IGSCC (Uhlig and Revie
1985).

The field welding of the stainless steel bellows
to the carbon steel penetration and vent line
sleeves introduces sensitization and high residual

1Va-in.thick nng
girger flange e

1%5<in thick
ring girder web ..

——

TWadn -thick
flange plate ~

2%an <thick
upper baseplate —— " -

Ta-n -thick
iubrite o
base plate
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stresses 1o the heat-affected zones. These residual
stresses, together with the stresses imposed by the
operating loads, contribute to the total tensile
stress experienced by the bellows dunng opera-
tien. The interior and exterior environments, par-
ticularly of the BWR containment, have high
humidity and might contain oxygen and chlo-
rides. The geometry of the bellows also facilitates
accumulation of water in the bottom of convolu-
tions, creating a potential concentration of corro-
sive elements. Thus, all three factors necessary
tor occurrence of 1GSCC can be present at the
bellows,

3.3 Mechanical Wear

In a few locations of the containment vessel,
mechanical wear or abrasion may limit compo-
nent life locally. Such wear may oceur at loca-
tions where surfaces are forced to stide against or
impinge on each other: (a} personanel air lock
doors and frame interfaces, (b) drvwell head and
flange interfaces (BWR), (¢) lubrite baseplates of
interior platform connections (see Figure 21) and
Mark 1 suppression chamber support columns,
and (d) pin joints.

chamber shell
e 1Va-in.-thick
/ saddie web plate

Suppression
/'/

e Vi einy thirk
stitener plate
(typical)

‘ _— 1-in.-thick
P b : I

T 1%.in_ -diametar
anchor bolts

08575

Figure 21. Eievation view of a typical suppression chamber saddle suppor, showing lubrite base plate.
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4. OPERATING HISTORY AND MAINTENANCE ACTIVITIES

Review of operating history and maintenance
activities helps to identify the design features,
stressors, and repair activities that have caused
significant damage to metal containments. The
review identifies the stressors that were not
accounted for in the original design. In addition,
the review identifies the weaknesses of the
current maintenance activities in mitigating the
aging damage. This section describes several
aging-related events and presents current and
supplementary maintenance practices.

4.1 Operating History

The BWR Mark | containments and PWR cylia-
drical containments are the oldest and the most
numerous LWR metal containments. Most of the
aging-related historical operating experience is
associated with these containments. The metal
containment vessels are made of low carbon steci,
which is susceptible to corrosion during operation
if the surface coating has deteriorated. This sec-
tion describes the most significant events of corro-
sion damage to metal containments, including
BWR Mark I containments of Oyster Creek, Nine
Mile Point Unit I, Fitzpatrick, and Dresden Unit 3,
and PWR cylindrical containments (ice-
condenser-type) of Units 1 and 11 of McGuire and
Catawba. For each event, the imformation related
to relevant design features of the containment,
event description, corrosion rate estimation, iden-
tification of corrosion mechanisms, and mitiga-
ton of corrosion damage is presented. Sections
4.1.1 10 4,1.4 describe field expenence of corro-
sion incidences. Sections 4.1.5and 4.1.6 describe
overheating incidences that degraded the protec-
tive coating. Section 4,1.7 describes transgranular
stress corrosion cracking of penetration bellows at
several BWR Mark | containments.

4.1.1 Corrosion of Drywell at Oyster
Creek.

4.1.1.1 Drywell Design. The Oyster Creek
plant has a Mark I type drywell containment

(made of ASTM A 212 Grade B carbon steel
plate) with an annular space of approximately

76 mm (3 in.) between the drywell shell and the
concrete shield wall (Figure 8). This gap is filled
with compressible material, Firebar D (a compos-
ite of foam, fibers, and concrete), which was
applied to the metal shell as a spray coat [approxi-
mately 70-mm (2.75-in.) thick]. This material
was selected because it is firm enough to resist
crushing by pressure induced by the head of the
uncured concrete during construction, but soft
enough to allow for thermal expansion of the
metal shell during operation. The material was
left in place after construction was complete. The
material lacks resistance to weathering and is
readily attacked by water, which leaches out mag-
nesium chioride (a constituent of Firebar D); the
leached chloride is highly corrosive. The constit-
uents of this material with sulfate can also serve
as a food for microorganisms causing microbially
wnfluenced corrosion.

The lower 3.17-m (10-ft 3-in.) portion of the
drywell interior is filled with concrete, which
provides structural support to the drywell and
holds 1t vertical (see Figure 8). A concreie curb
follows the contour of the vessel up to elevation
3.35 m (11 fr). The sand pocket is located at the
base of the gap. The drywell was coated with one
coat of carboline Carbo-Zinc 11 on the nside sur-
face above the concrete floor and with one coat of
red lead on the outside surface [from elevation
276 mto 29,10 m (8 f1-11.25 in. to 94 f1)),
including the regions in contact with the sand in
the sand pocket. The portion of the drywell
embedded in concrete was not coated on either
the outside or the inside surface. The sand pocket
is connected to drains that allow drainage of any
water that might enter the sand. It is within this
area, where the sand cushion contacts the drywell
shell, that corrosion was identified.

4.1.1.2 Even! Description. Water was
observed around two of the penetrations at
elevations 26.6 m (86 ft) and 14.5 m (47 ft) and
running down the wall during the 1980 refueling
outage. Water on the torus room floor originating
from leak drains was also observed following
construction in 1969 and during the 1980
refueling outage (Wilson 1987). The probable
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sources of water were the equipment storage pool,
the refueling cavity, or the fuel pool. It was further
concluded that leakage occurred only during
refueling when the refueling cavity, the equipment
storage pool. and the fuel pool were flooded.
When water was again found leaking from the
sand bed drains during the refueling outage in
1983, it was suspected that corrosion of the dry-
well shell could be a concern. Measurements of
drywell wall thickness during 1986 refueling out-
age revealed significant corrosion of the drywell
shell adjacent to the sand pocket region.

A radiological analysis of the leaking water
samples indicated that the leakage water had the

-
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| ™
1 e 1
|| Drywell
| | shell
_ |
A i
" Center line of | '
reactor pressurs !
vesse! and ] Bellows
drywell shell : |

Stainless steel retuehing cavity liner
Through-wall fangue cracks

same radioactivity as water within the reactor,
and the leak path was believed to have been from
the refueling cavity located immediately above
the drywell (see Figure 22). Initial investigations
revealed that the leak was at the bellows drain hine
gasket. Later on, leaks were also found through
the several through-wall fatigue cracks in the
stainfess steel liner of the refucling cavity
(Gordon 1988). Two factors appear to be respon-
sthle for this cracking: (1) the thickness of the
stainless steel liner was much smaller than the
design thickness [6.25 mm (0.25 in.)}, (2) the
pertodic filling of the refueling cavity and equip-
ment pool during refueling exerted cyclic water

(in welds)

Figure 22. Drywell to cavity seal in BWR Mark 1 metal containment.
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pressure loads on the hiner. The cracks were along
the perimeter of the liner plates where these plates
were welded to the embedded channeis (USNRC
19914). The leaking coolant could have passed
along the concrete side of the liner to the 3-in.
annular space and eventually into the sand pockel
region,

Imtially, it was believed that leaks from the cav
ity into the gap between the shield wail and dry-
well combined with possible condensation in the
gap between the fill matenal (Firebar D) and the
drywell shell, wetted the Furebar D, and leached
corrosive magnesium chloride from the Firebar D.
The accumulation of magnesium chlonide in the
sand pocket was originally thought 1o be the key
sactor in the drywell corrosion observed at Ovsier
Creek. However, chemical analysis of samples of
water, sand, and corrosion products provided evi
dence of a high concentration of corrosive con-
taminants such as chlorine, bromine, and sulfate
ions, which are more typical of a marine environ-
ment (seawater) than Firebar D (Gordon and
Gordon 1987). The chlorine and sulfate ions play
a major role in the breakdown of any passive film
an the carbon steel, and their presence increases
the conductivity of the electrolyte in the moist
sand, Basad on the observed corrosion rates of the
carbon steel drywell shell, the marine environ-
ment is likely to be the key factor causing corro-
s10n.

4.1.1.3 Corrosion Rate Estimation. Initial
UT thickness measurements (using a UT thick-
ness gauge device called a D-meter) made from
the inside of the drywell at a 35-m (11t 2 in
elevation near the sand cushion region and at a
I15.8-m (51-f1) elevation indicated drywell thin-
ning caused by corrosion. A trench was excavated
through the concrete curb in areas where the
extent of thinning at the floor level was the most
severe, Additional thickness measurements were
performed 1o determine the vertical profile of
thinning. The measurements indicate that thin-
ning below the floor level was not as severe and
wias even less severe at the lower portion of the
sand cushion. Several additional measurements
were made with a conventiona! UT transducer
displaying a signal on an oscilloscope (A scan),

¥
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Seven core samples were remeved from
various regions in the drywell shell below the
conerete floor adjacent to the sand pocket regions
10 evaluate the validity of the UT measurements.
Regrons with a wall thickness less than half the
29 3-mm (1. 154-1n.) nominal wall thickness were
designated “pitied/ inclusion™ areas, Regions that
had UT indications of thinning were designated
as "wastage” areas. Regions above the wastage
arca and within the sand pocket region that
appeared 10 have no thinning or pitting were also
selected as candidate core samples sites.

The portion of the drywell shell in contact with
the sand pocket experienced significant wall thin-
ming [6.4 to 8.9 mm (0.25 10 0.35 in.}] only within
clevations 3,17 m to 3.64 m (10 ft 3 in. to
109 in.) (Wilson 1987). The initia! UT
examination of the core sample from the worst-
affected areas (pitted areas) of the drywell below
the concrete floor near the sand pocket region
indicated a mummum through-wall thickness of
12.5 mm (0.49 in.) (Wilson 1987). However, the
average measured thickness (by micrometer) of
this core sample was 29.72 mm (1,17 in.). Further
destructive metallurgical examination of this
sample revealed the presence of a band of alumi-
nide stringers at the core midplane. These inclu-
sions produced a reflection of ultrasound. Thus,
the highly local UT indication was caused by an
inclusion, not by pitting. The measured depth
[12.5 mm (0.49 in.)] of these inclusions corre-
lated with the depth determined by the initial UT.
The thickness of two core samples measured by
UT was 0 1o 4% less than the micrometer mea-
surements, Core samples taken from the drywell
sheii where adjacent sand was dry did not reveal
4ny corrosion.

The corrosion rate was estimated by establish-
ing a period in which the drywell was exposed to
water and comparing this period to metal loss.
The region above the 3.64-m (11-ft 9-in.) eleva-
tion showed little or no wall loss. The region from
3170364 m (J0ft 3in. 1o 11 ft 9in.) in contact
with the sand bed showed the greatest wall loss,
followed by the region below 3.17 m (10 ft 3 in.),
which showed significantly less wall loss. The
conservative estimate of the mean value of the
effective drywell thickness near the sand pocket
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regions was 22.1 mm (0.87 in.). For the initial
thickness of approximately 29.21 mm (1.15 in.)
{near the sand pocket region), the typical loss in
thickness was 7.11 mm (0.28 in.). If it is assumed
that the corrosion initiated in 1969 resulting from
the intrusion of water in the sand pocket region,
the average estimated corrosion rate (between
1969 and 1986) is approximately 0.51 mm/year
(17 mil/year) (Wilson 1987, Gordon and Gordon
1987). If it 15 assumed that all corrosion initiated
6 years before the investigation (in 1980, a year of
documented evidence of water leakage in the
sand bed), then the estimated corrosion rate
(between 1980 and 1986) increases to approxi-
mately | .44 mm/year (48 mil/year) (Wilson
1987). Further assessment of drywell corrosion
was performed by the UT measurements in 1991,
The reported lower and upper bound corrosion
rates near the sand pocket elevations were
0.52 mm/year (17,4 mil/year) and 0.62 mm/year
(20.5 mil/year), respectively (USNRC 1991b).
However, based on recent trending of thickness
measurements, it appears that the corrosion was
continuing at a peak rate of 0.89 mm/year (35 mil/
year) at the worst areas; the thickness measure-
menis were as low as 20.3 mm (0.80 in.) (Lipford
and Flynn 1993),

4.1.1.4 Identification of the Corrosion
Mechanism. Several types of corrosion mecha-
nisms have been identified as the potential cause.
Water, corrosion products, sand, and core samples
were analyzed to evaluate the corrosion mecha-
miams of the drywell shell near the sand cushion,
Factors that affected the corrosion of the metal
shell include contaminant levels, moisture level,
electrolyte conductivity, bacteria, and acidity/
alkahnity

Cultures of sand samples initially revealed the
presence of microbial activity. However, further
examination of corrosion products revealed that
micrabial activity did not have a major influence
on corrosion (Mathur 1987). This conclusion
regarding microbially influenced corrosion was
based on the facts that no deep pitting was
observed and no sulfide or substantial concentra-
tion of manganese was detected in the corrosion
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products, both of which are typical evidence of
microbially influenced corrosion.

An environment suilable for aqueous corrosion
{general corrosion, pitting, and differential aera-
tion) of the drywell shell was present at the sand
pocket elevations. Analyses of samples of drain
water, sanu, and the corrosion products provided
typical evidence of agueous corrosion. The con-
ductivity of the water samples from various drain
lines (680 to 1100 uS/cm) was three orders of mag-
nitude higher than that of pure water at a similar
temperature (Gordon and Gordon 1987). Such a
high conductivity leads to a high amount of corro-
sion. The moisture content of the sand samples
ranged from 1.1 to 12.6% (Gordon and Gordon
1987). The core samples from arcas with adjacent
dry sand did not show any significant corrosion.
Hence, the wet sand/water environment was suffi-
ciently conducive to establish a viable electrolyte
for aqueous corrosion. The source of moisture
includes a known leakage of water from the refuel-
ing cavity. Other sources of moisture include
installation of moist sand during construction,
water “squeezed” out of the Firebar D slurry dur-
ing pressure testing of the drywell, and condensa-
tion. The sand, corrosion products, and drain water
had a high level of corrosive contaminants (such
as C1, Br, SO47). T'he presence of these contami-
nants would be expected to increase the corrosion
of carbon steel. In particular, high levels of detn-
mental chloride and sulfate were noted in virtually
all the samples analvzed, Analysis of the charac-
teristics of corrosion products formed on core sam-
ple surfaces revealed that the of water leaking from
the refueling cavity, not Firebar D, might have
been the main source of contaminants in the sand
pocket (Gordon and Gordon 1987, Kawaller 1987)
and largely responsible for corrosion.

Differential aeration might have contributed to
corrosion of the drywell shell. The lower region
of the sand cushion near the drain line and upper
region near the gap are rich in oxygen and act as
cathodes, whereas the region in the middle is
depleted in oxygen and acts as anode; the drywell
shell adjacent to the anodic region will expenence
corrosion (see Figure 23), which appears to be
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f0.08 10 0.23 mm (3 to 9 mil)] because of degra-
dation of the torus inside wall coatings {Nucleon-
ics Week 198K).]

It is necessary to perform periodic visual
inspection of the suppression pool steel shells in
accordance with their technical specifications.
Inspections of torus areas both above the waterline
and below 1t will reveal the presence of any arcas
damaged by corrosion. Local corrosion such as
pitting can be detected most effectively if the torus
15 drained and inspected under dry conditions
(USNRC 1988a). However, the resulting large
pressure reduction may cause additional blistering
or popping of existing blisters in the coating.
Recently developed underwater inspection tech-
mgues include dislodging, mapping of critical
areas, testing of coating adhesion, measurement of
dry film thickness. and spot repair of degraded
arcas (USNRC 19884). Potential advantages from
the technigues appear to be reduced radiation
exposure 1o personnel and elimination of the need
tor draining the suppression pooi Ultrasonic
mspection of the section of high-pressure injec-
tion pipe between its penetration o the torus and
the first check valve can reveal any possible corro-
sion damage (o the pipe inside surface, because
that section of pipe generally contains stagnant
water, and its nside surface is uncoated.

The proposed USNRC Generic Letter also
recommends that representative sample spec-
imens, which are of the same materiai (coating
and steel base metal) as those of torus, be placed
at the waterline at least one in each bay (Federal
Register 1992). 1f visual inspection of the torus or
the specimens detects any indication of coating
degradation or base metal corrosion, UT thick-
ness measurement of torus wall 1s recommended.
The frequency of these measurements should be
based on the highest corrosion rate measured. The
thickness measurement needs to be performed at
a statistically significant number of points, as dis-
cussed in Section 2.1.3. These recommendations
are also applied 1o the BWR Mark 11 pressure sup-
pression pool because it is susceptible to corro-
sion damage similar to that of the Mark | torus.

59

Operating History

Maintenance of the surface coating is the best
protection against corrosion. Repair of the pited
areas followed by recoating will protect the inside
surface. Epoxy coatings applied to corrosion-
daniaged areas will be more durable than red-lead
coatings (Munger 1984). Cathedic protection,
which has been successfully used to protect inside
wetted surfaces of large water tanks, might be
used to protect the inside surface of the torus from
corrosion damage (Doughty 1981). Use of non-
toxic corrosion inhibitors, e.g. phosphates. would
require further evaluation of their effectiveness
and acceptability.

4.1.3 Cerrosion of the Outside Surface of
the Cylindrical Containment at McGuire
and Catawba. The steel containment vessel at
McGuire Unit 2 has a vertical cylinder, a hemi-
spherical dome, and a flat base. The containment
metal shell is anchored 1o the reactor building
foundation by anchor bolts around the
circumference of the cylinder. A steel plate,
encased in concrete and anchored to the reactor
building, serves as the base of the comainment
and also as a leaktight membrane The vertical
cylinder and hemispherical dome were
constructed from carbon steel plate of ASME
specification SA 516 Grade 60. The cylindrical
vessel is surrounded by a reinforced concrete
reactor building with an annular space of 1.8 (6 ft)
between them. Some areas in the annular space
adjacent to the outside surface of the containment
are mnaccessible because of the ductwork (Fig-
ure 24). No sealant was installed at the concrete-
metal interface during construction,

A sigrificant amount of water in the annular
space of the concrete floor between azimuth 240
and 253 degrees (Figure 24), along with signifi-
cant coating damage and base metal corrosion on
the outer surface of the metal shell, was observed
on August 24, 1989 (USNRC 1990, McGuire
1989). This discovery was made during a prelimi-
nary inspection of the steel containment vessel
prior 10 leak rate testing. A general visual inspec-
tion of the Unit 2 containment performed in
May 1986 did not reveal any coating damage, so
it can be assumed that the damage occurred
between May 1986 and August 1989,
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\ 1.2 Maintenance Activities

2.1 Current Maintenance Actlivities




1.2.2 Supplementary Maintenance Activi







5. AN AGING MANAGEMENT APPROACH
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Step 4 Review Inspection, Test, and Maintenance Records

Step 5. Review Operating Records
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it the End of the Next Operating Period




Assess Fatigue and Wear Damage at the End of the Next Operating Period
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Step 8 Evaluate Containment Integrity at the End of the Next Operating Period
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Y Select Mitigative Actions




Aging Management
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Step 10 Reevaluate Containment Integrity at the End of the Next Operating Period if
i Significant Mitigative Actions are ldentified in Step 9
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