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EXECUTIVE SUMMARY

The Inspection of Aged/Degraded Containments Program had primary objectives of (1) understanding the
significant factors relating corrosion occurrence, efficacy of inspection, and structural capacity reduction of
steel containments and liners of reinforced concrete containments; (2) providing the United States Nuclear
Regulatory Commission (USNRC) reviewers a means of establishing current structural capacity margins or
estimating future residual structural capacity margins for steel containments, and concrete containments as
limited by liner integrity; (3) providing recommendations, as appropriate, on information to be requested of
licensees for guidance that could be utilized by USNRC reviewers in assessing the seriousness of reported
incidences of containment degradation; and (4) providing technical assistance to the USNRC (as requested)
related to concrete technology.

Primary program accomplishments have included development of a degradation assessment methodology;
reviews of techniques and methods for inspection and repair of containment metallic pressure boundaries;
evaluation of high-frequency acoustic imaging, magnetostrictive sensor, electromagnetic acoustic transducer,
and multimode guided plate wave technologies for inspection of inaccessible regions of containment metallic
pressure boundaries; development of a continuum damage mechanics-based approach for structural
deterioration; establishment of a methodology for reliability-based condition assessments of steel
containments and liners; and fragility assessments of steel containments with localized corrosion. In addition,
data and information assembled under this program has been transferred to the technical community through
review meetings and briefings, national and international conference participation, technical committee
involvement, and publications of reports and journal articles. Appendix A provides a listing of program
reports, papers, and publications; and Appendix B contains a listing of program-related presentations.
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1. INTRODUCTION
1.1 BACKGROUND

Nuclear power provides in excess of 20 percent of the net electricity generation in the United States. In 2002 about25%
of'the 103 nuclear power plants (NPPs) that have been licensed for commercial operation are less than 20 years old, with
over one-third of the plants being over 30 years old (1.1). Starting in 2006, the first of these plants is scheduled to reach
the end of its initial 40-year operating license period. By 2010 ten percent of the plants will reach the end of their initial
operating license period with this number rising to forty percent by 2015. Faced with the prospect of having to replace
the lost generating capacity from other sources and the potential for substantial shutdown and decommissioning costs,
many utilities are expected to seek extensions to their initial plant operating licenses. In fact this is what is happening.
As of July 2004, 44 plants have either been through the license renewal process or submitted an application to renew
their operating license for an additional 20 years, and 30 additional plants have announced that they intend to do so.

The importance of nuclear power and the necessity for ensuring continued satisfactory operation is thus clearly
established. One of the primary factors that could affect the continued operation and development of nuclear power
relates to aging of the plants and its potential impact on performance. Nuclear power plants are designed, built, and
operated to standards that aim to reduce the releases of radioactive materials to levels as low as reasonably achievable.
Nuclear power plants, however, involve complex engineering structures and components operating in demanding
environments that potentially can challenge the high level of safety (i.e., safety margins) required throughout the
operating life of the plant. It is necessary that safety issues related to plant aging and continuing the service of the
nuclear plants are resolved through development of sound scientific and engineering understanding. One specific area
that has been noted is the aging behavior of structural materials — particularly those in pressure-retaining structures.
Although major mechanical and electrical equipment items in a plant could be replaced, if necessary, replacement of
many of the safety-related structural components would be economically unfeasible. Approval for a continuation of
service must be supported by evidence that these structures will continue to be capable of withstanding potential future
extreme events.

1.2 CONTAINMENT STRUCTURES

From a safety standpoint, the containment is one of the most important components of a nuclear power plant because it
serves as the final barrier to the release of fission products to the outside environment under postulated accident
conditions. Ensuring that the structural capacity and leak-tight integrity of the containment has not deteriorated
unacceptably due either to aging or environmental stressor effects is essential to reliable continued service evaluations
and informed aging management decisions.

1.2.1  General Description

Each boiling-water reactor (BWR) or pressurized-water reactor (PWR) unit in the US is located within a much larger
metal or concrete containment that also houses or supports the primary coolant system components. Although the shapes
and configurations of the containment can vary significantly from plant-to-plant, leak-tightness is assured by a
continuous pressure boundary consisting of nonmetallic seals and gaskets, and metallic components that are either
welded or bolted together. There are several Code of Federal Regulations (CFR) (1.2) General Design Criteria (GDC)
and American Society of Mechanical Engineers (ASME) Code sections that establish minimum requirements for the
design, fabrication, construction, testing, and performance of containment structures. The GDC serve as fundamental
underpinnings for many of the most important safety commitments in licensee design and licensing bases. General
Design Criterion 16, “Containment Design,” requires the provision of reactor containment and associated systems to
establish an essentially leak-tight barrier against the uncontrolled release of radioactivity into the environment and to
ensure that the containment design conditions important to safety are not exceeded for as long as required for postulated
accident conditions. Criterion 53, “Provisions for Containment Testing and Inspection,” requires that the reactor
containment be designed to permit: (1) appropriate periodic inspection of all important areas, such as penetrations; (2)
an appropriate surveillance program; and (3) periodic testing at containment design pressure of leak-tightness of
penetrations that have resilient seals and expansion bellows.

Prior to 1963, metal containments for nuclear power plants were designed according to rules for unfired pressure vessels

that were provided by the ASME in Section VIII of the ASME Code (1.3). Subsequent metal containments were
designed either as Class B vessels or as Class MC components according to rules provided in Section III of the ASME
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Code (1.4). Almost every aspect of metal containment design is addressed by the Code. The Code also recognizes that
service-related degradation to pressure retaining components is possible, but rules for material selection and in-service
degradation are outside its scope. It is the Owner’s responsibility to select materials suitable for the service conditions
and to increase minimum required thickness of the base metal to offset material thinning due to corrosion, erosion,
mechanical abrasion, or other environmental effects. Current rules for construction of metal containments are provided
in Section III, Division 1, Subsection NE of the ASME Code. Currently operating metal containments are freestanding,
welded steel structures that are enclosed in a reinforced concrete reactor or shield building. The reactor or shield
buildings are not part of the pressure boundary and their primary function is to provide protection for the containment
from external missiles and natural phenomena (e.g., tornadoes or site-specific environmental events). Thirty-two of the
NPPs licensed for commercial operation in the US employ a metal containment.

Concrete containments are metal lined, reinforced concrete pressure-retaining structures that in some cases may be post-
tensioned. The concrete vessel includes the concrete shell and shell components, shell metallic liners, and penetration
liners that extend the containment liner through the surrounding shell concrete. The reinforced concrete shell, which
generally consists of a cylindrical wall with a hemispherical or ellipsoidal dome and flat base slab, provides the
necessary structural support and resistance to pressure-induced forces. Leak-tightness is provided by a steel liner
fabricated from relatively thin plate material (e.g., 6-mm thick) that is anchored to the concrete shell by studs, structural
steel shapes, or other steel products. Initially, existing building codes, such as American Concrete Institute (ACI)
Standard 318, Building Code Requirements for Reinforced Concrete (1.5), were used in the nuclear industry as the basis
for design and construction of concrete structural members. However, because the existing building codes did not cover
the entire spectrum of design requirements and because they were not always considered adequate, the USNRC
developed its own criteria for design of seismic Category 1 (i.e., safety related) structures (e.g., definitions of load
combinations for both operating and accident conditions). Plants that used early ACI codes for design were reviewed by
the USNRC through the Systematic Evaluation Program to determine if there were any unresolved safety concerns (1.6).
Current rules for construction of concrete containments are provided in Section III, Division 2 of the ASME Code. The
USNRC has developed supplemental load combination criteria and provides information related to concrete and steel
internal structures of steel and concrete containments (1.7,1.8). Rules for design and construction of the metal liner that
forms the pressure boundary for the reinforced concrete containments are found in ASME Section 111, Division 1,
Subsection NE of the ASME Code. Seventy-one of the NPPs licensed for commercial operation in the US employ either
a reinforced concrete (34 plants) or post-tensioned concrete (37 plants) containment.

1.2.2  Potential Degradation Factors

Service-related degradation can affect the ability of a nuclear power plant containment to perform satisfactorily in the
unlikely event of a severe accident by reducing its structural capacity or jeopardizing its leak-tight integrity. Degradation
is considered to be any phenomenon that decreases the load-carrying capacity of a containment, limits its ability to
contain a fluid medium, or reduces the service life. The root cause for containment degradation can generally be linked
to a design or construction problem, inappropriate material application, a base-metal or weld-metal flaw, maintenance or
inspection activities, or excessively severe service conditions.

Steel containment degradation can be classified as either material or physical damage. Material damage occurs when the
microstructure of the metal is modified causing changes in its mechanical properties. Degradation mechanisms that can
potentially cause material damage to containment steels include (1) low-temperature exposure, (2) high-temperature
exposure, (3) intergranular corrosion, (4) dealloying corrosion, (5) hydrogen embrittlement, and (6) neutron irradiation.
Material damage to the containment pressure boundary from any of these sources is not considered likely, however.
Physical damage occurs when the geometry of a component is altered by the formation of cracks, fissures, or voids, or its
dimensions change due to overload, buckling, corrosion, erosion, or formation of other types of surface flaws. Changes
in component geometry, such as wall thinning or pitting caused by corrosion, can affect structural capacity by reducing
the net section available to resist applied loads. In addition, pits that completely penetrate the component can
compromise the leak-tight integrity of the component. Primary degradation mechanisms that potentially can cause
physical damage to containment pressure boundary components include (1) general corrosion (atmospheric, aqueous,
galvanic, stray-electrical current, and general biological); (2) localized corrosion (filiform, crevice, pitting, and localized
biological); (3) mechanically-assisted degradation (erosion, fretting, cavitation, corrosion fatigue, surface flaws, arc
strikes, and overload conditions); (4) environmentally-induced cracking (stress-corrosion and hydrogen-induced); and (5)
fatigue. Material degradation due to either general or pitting corrosion represents the greatest potential threat to the
containment pressure boundary.



Primary mechanisms that can produce premature deterioration of reinforced concrete structures include those that impact
either the concrete or steel reinforcing materials (i.e., mild steel reinforcement or post-tensioning system). Degradation
of concrete can be caused by adverse performance of either its cement-paste matrix or aggregate materials under
chemical or physical attack. Chemical attack may occur in several forms: efflorescence or leaching; attack by sulfate,
acids, or bases; salt crystallization; and alkali-aggregate reactions. Physical attack mechanisms for concrete include
freeze/thaw cycling, thermal expansion/thermal cycling, abrasion/erosion/cavitation, irradiation, and fatigue or vibration.
Degradation of mild steel reinforcing materials can occur as a result of corrosion, irradiation, elevated temperature, or
fatigue effects. Post-tensioning systems are susceptible to the same degradation mechanisms as mild steel reinforcement
plus loss of prestressing force, primarily due to tendon relaxation and concrete creep and shrinkage. Degradation of the
concrete materials and structures was addressed under the Structural Aging Program (1.9).

1.3 OPERATING EXPERIENCE

As nuclear plant containments age, degradation incidences are starting to occur at an increasing rate, primarily due to
environmental-related factors. There have been at least 66 separate occurrences of degradation in operating
containments (some plants may have more than one occurrence of degradation). One-fourth of all containments have
experienced corrosion, and nearly half of the concrete containments have reported degradation related to either the
reinforced concrete or post-tensioning system (1.10).

Since 1986, there have been over 36 reported occurrences of corrosion of steel containments or liners of reinforced
concrete containments. In two cases, thickness measurements of the walls of steel containments revealed areas that were
below the minimum design thickness. Two instances have been reported where corrosion has completely penetrated the
liner of reinforced concrete containments. There have been four additional cases where extensive corrosion of the liner
has reduced the thickness locally by nearly one-half (1.10). Only four of the reported degradation occurrences were
detected through containment inspection programs prior to Type A leakage-rate testing conducted according to
requirements in effect at the time [i.e., preadoption by reference of basic requirements in Subsection IWE (1.11)]. Nine
of these occurrences were first identified by the USNRC through its inspections or audits of plant structures. Eleven
occurrences were detected by licensees while performing an unrelated activity, or after they were alerted to a degraded
condition at another site. Examples of problems identified include corrosion of the steel containment shell in the drywell
sand cushion region (Oyster Creek), shell corrosion in ice condenser plants (Catawba and McGuire), corrosion of the
torus of the steel containment shell (Fitzpatrick, Cooper, and Nine Mile Point Unit 1), coating degradation (Dresden 3,
Fitzpatrick, Millstone 1, Oyster Creek, Pilgrim, and H. B. Robinson), and concrete containment liner corrosion
(Brunswick, Beaver Valley, North Anna 2, Brunswick 2, and Salem). Also there have been incidences of transgranular
stress corrosion cracking in bellows (Quad Cities 1 and 2, and Dresden 3). Table 1.1 presents a listing of reported
instances of containment pressure boundary degradation at commercial nuclear power plants in the U.S as of 2003. A
summary of metal and concrete containment pressure boundary-related component degradation occurrences grouped by
type degradation and component affected is provided in Table 1.2.

14 OBJECTIVE AND POTENTIAL APPLICATION OF RESULTS

The Inspection of Aged/Degraded Containments Program has primary objectives of (1) understanding the significant
factors relating corrosion occurrence, efficacy of inspection, and structural capacity reduction of steel containments and
liners of concrete containments; (2) providing the USNRC reviewers a means of establishing current structural capacity
margins or estimating future residual structural capacity margins for steel containments, and concrete containments as
limited by liner integrity; (3) providing recommendations, as appropriate, on information to be requested of licensees for
guidance that could be utilized by USNRC reviewers in assessing the seriousness of reported incidences of containment
degradation; and (4) providing technical assistance to the USNRC (as requested) related to concrete technology. The
results of this study will provide an improved basis for the USNRC staff to evaluate nuclear power plants for continued
service. More specifically, potential regulatory applications of this research include (1) improved predictions of long-
term material and structural performance and available safety margins at future times, (2) establishment of limits on
exposure to environmental stressors, (3) reduction in total reliance by licensing on inspection and surveillance through
development of a methodology that will enable the integrity of structures to be assessed (either pre- or post-accident),
and (4) improvements in damage inspection methodology through potential incorporation of program results into
national standards that could be referenced by Standard Review Plans.
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Table 1.1 Instances of containment pressure boundary component degradation at
commercial nuclear power plants in the United States.

Plant Designation Containment
(Occurrence Date) Description Degradation Detection
Plant Type (No. of Similar Description Method
(Source)* Plants)
Vermont Yankee Mark 1 Surface cracks in the overlay Visual examination
(1978) Steel drywell weld-to-torus base metal heat- (As part of modifications to
BWR/4 and wetwell affected zone restore the originally intended

(Ref. 1.12) (22) design safety margins)

Hatch 2 Mark 1 Through-wall cracks around Visual examination of torus
(1984) Steel drywell containment vent headers within  [interior
BWR/4 and wetwell the containment torus (Brittle
(Refs. 1.13, (22) fracture caused by injection of
1.14, and 1.15) cold nitrogen into torus during
inerting)

Hatch 1 Mark 1 Through-wall crack in nitrogen [n-service inspection testing using
(1985) Steel drywell inerting and purge line (Brittle magnetic particle method
BWR/4 and wetwell fracture caused by injection of

(Ref. 1.15) (22) cold nitrogen during inerting)

Monticello Mark 1 Polysulfide seal at the concrete-  [Visual examination
(1986) Steel drywell to-shell interface became brittle (A small portion of the drywell
BWR/3 and wetwell allowing moisture to reach the shell was excavated as a part of a

(Ref. 1.16) (22) steel shell life extension study)

Dresden 3 Mark 1 Coating degradation due to Visual examination
(1986) Steel drywell exposure to fire with peak metal  |(Polyurethane between the
BWR/3 and wetwell temperatures of 260°C (500°F) drywell shell and concrete shield

(Ref. 1.17) (22) and general corrosion of metal wall was ignited by arc-air cutting

shell by water used to extinguish [activities producing smoke and
fire heat)

Oyster Creek Mark 1 Defective gasket at the refueling  [Visual examination of uncoated
(1986) Steel drywell pool allowed water to eventually |areas and ultrasonic inspection
BWR/2 and wetwell reach the sand cushion region

(Refs. 1.18, (22) causing drywell shell corrosion

1.19, and 1.20)

Fitzpatrick Mark 1 Degradation of torus coating with [Visual examination of uncoated
(1987) Steel drywell associated pitting areas and ultrasonic inspection
BWR/4 and wetwell (Technical specification

(Refs. 1.16 and 1.21) (22) surveillance performed during
outage)

Millstone 1 Mark 1 Degradation of torus coating Visual examination of uncoated
(1987) Steel drywell areas and ultrasonic inspection
BWR/3 and wetwell (The torus had been drained for

(Ref. 1.21) (22) modifications)

Oyster Creek Mark 1 Degradation of torus coating with [Visual examination of uncoated
(1987) Steel drywell associated pitting areas and ultrasonic inspection
BWR/2 and wetwell

(Ref. 1.21) (22)




Table 1.1 Instances of containment pressure boundary component degradation at
commercial nuclear power plants in the United States (cont.).

Plant Designation
(Occurrence Date)
Plant Type
(Source)*

Containment
Description
(No. of Similar
Plants)

Degradation
Description

Detection
Method

Brunswick 1

Reinforced concrete

Corrosion of steel liner

General visual examination of

(1987) with steel liner coated areas
BWR/4 )

(Ref. 1.22)

Nine Mile Point 1 Steel drywell Corrosion of uncoated torus Visual examination of uncoated
(1988) and wetwell surfaces areas and ultrasonic inspection
BWR/S (22)

(Ref. 1.23)

Pilgrim Steel drywell Degradation of torus coating Visual examination of uncoated
(1988) and wetwell areas and ultrasonic inspection
BWR/3 (22) (Licensee inspection as a result of

(Ref. 1.21) occurrences at similar plants)

Brunswick 2 Reinforced concrete [Corrosion of steel liner General visual examination of
(1988) with steel liner coated areas
BWR/4 )

(Ref. 1.22)

Dresden 2 Steel drywell Coating, electrical cable, and Visual examination of uncoated
(1988) and wetwell valve operator component areas and ultrasonic inspection
BWR/3 (22) degradation due to excessive (Ventilation hatches in the

(Ref. 1.24) operating temperatures drywell refueling bulkhead

inadvertently left closed)
Hatch 1 and 2 Steel drywell Bent anchor bolts in torus Visual examination
(1989) and wetwell supports (due to weld induced
BWR/4 (22) radial shrinkage)

(Ref. 1.25)

McGuire 2 Ice Condenser  |Corrosion on outside of steel General visual examination
(1989) Reinforced concrete [cylinder in the annular region at  [prior to Type A leakage rate test

PWR with steel liner  [the intersection with the concrete

(Ref. 1.26) @) floor

McGuire 1 Ice Condenser  |Corrosion on outside of steel General visual examination
(1989) Reinforced concrete |cylinder in the annular region at  |(Inspection initiated as a result of

PWR with steel liner  [the intersection with the concrete |corrosion detected

(Ref. 1.26) (4) floor at McGuire 2)

Catawba 1 Ice Condenser  |Corrosion on outside of steel General visual examination
(1989) Steel cylinder cylinder in the annular region (Inspection initiated as a result of

PWR (5) corrosion detected
(Refs. 1.26 and 1.27) at McGuire 2)

Catawba 2 Ice Condenser  |Corrosion on outside of steel General visual examination

(1989) Steel cylinder cylinder in the annular region (Inspection initiated as a result of
PWR (5) corrosion detected
(Ref. 1.26) at McGuire 2)




Table 1.1 Instances of containment pressure boundary component degradation at
commercial nuclear power plants in the United States (cont.).

Plant Designation Containment
(Occurrence Date) Description Degradation Detection
Plant Type (No. of Similar Description Method
(Source)* Plants)
McGuire 1 Ice Condenser  |Corrosion on outside of steel General visual examination
(1990) Reinforced concrete |cylinder in the annular region (Follow-up inspection by
PWR with steel liner licensee)
(Ref. 1.28) 4)
McGuire 1 Ice Condenser  |Corrosion on inside surface of Visual examination and ultrasonic
(1990) Reinforced concrete |coated containment shell under inspection
PWR with steel liner  [the ice condenser and between the |(Degradation possibly caused by
(Ref. 1.29, 1.28, and 4) floors near the cork filler material [moisture from the ice condenser
1.30) or condensation)

Quad Cities 1 Steel drywell Two-ply containment penetration |General visual examination
(1991) and wetwell bellows leaked due to (Excessive leakage detected)
BWR/3 (22) transgranular stress-corrosion

(Refs. 1.31, 1.32, and cracking
1.33)

Quad Cities 2 Steel drywell Two-ply containment penetration |General visual examination
(1991) and wetwell bellows leaked due to (Excessive leakage detected)
BWR/3 (22) transgranular stress-corrosion

(Refs. 1.31 and 1.32) cracking
Dresden 3 Steel drywell Two-ply containment penetration |General visual examination
(1991) and wetwell bellows leaked due to (Excessive leakage detected)
BWR/3 (22) transgranular stress-corrosion
(Ref. 1.32) cracking
Point Beach 2 Post-tensioned  [Liner plate separated from General visual examination
(1992) concrete cylinder [concrete
PWR with steel liner
(Ref. 1.33) (35)
H. B. Robinson Post-tensioned ~ [Degradation of liner coating General visual examination
(1992) concrete cylinder
PWR (vertical only) with
(Ref. 1.33) steel liner
35)
Cooper Steel drywell Corrosion of interior torus General visual examination
(1992) and wetwell surfaces and corrosion stains on
BWR/4 (22) exterior torus surface in one area
(Ref. 1.33)
Beaver Valley 1 Subatmospheric  |Corrosion of steel liner, General visual examination prior
(1992) Reinforced concrete |[degradation of liner coating, and  [to Type A leakage rate test
PWR cylinder with steel |[instances of liner bulging
(Refs. 1.33 and 1.34) liner
(@)
Salem 2 Reinforced concrete [Corrosion of steel liner General visual examination prior
(1993) cylinder with steel to Type A leakage rate test
PWR liner
(Ref. 1.35) (13)




Table 1.1 Instances of containment pressure boundary component degradation at
commercial nuclear power plants in the United States (cont.).

Plant Designation Containment
(Occurrence Date) Description Degradation Detection
Plant Type (No. of Similar Plants) Description Method
(Source)*
Sequoyah 1 Ice Condenser Degradation of moisture barriers |General visual examination and
(1993) Steel cylinder with  [resulting in corrosion of the steel [visual examination of coated
PWR concrete shield building|shell arcas
(Ref. 1.36) (5)
Sequoyah 2 Ice Condenser Degradation of moisture barriers |General visual examination and
(1993) Steel cylinder with  [resulting in corrosion of the steel [visual examination of coated
PWR concrete shield building|shell arcas
(Ref. 1.36) (5
Brunswick 2 Reinforced concrete |Corrosion of steel liner General visual examination and
(1993) drywell and wetwell visual examination of coated
BWR with steel liner areas

(Refs. 1.22 and 1.37)

9

(Follow-up inspection based on
conditions noted in 1988)

Brunswick 1

Reinforced concrete

Corrosion of steel liner

General visual examination and

(1993) drywell and wetwell visual examination of coated
BWR/4 with areas
(Ref. 1.37) steel liner (Inspection initiated as a result of
9 corrosion detected
at Brunswick 2)
McGuire 1 Ice Condenser Main steam isolation line Leakage testing conducted on
(1993) Reinforced concrete |bellows leakage bellows following successful
PWR with steel liner Type A leakage rate test
(Ref. 1.38) 4)
Braidwood 1 Post-tensioned Liner leakage detected but not Type A leakage rate test
(1994) concrete cylinder with [located
PWR steel liner
(Ref. 1.39) (35)
North Anna 2 Subatmospheric 6-mm-diameter hole in liner due |General visual examination and
(1999) Reinforced concrete [to corrosion visual examination of coated
PWR with steel liner areas
(Ref. 1.40) (7
Brunswick 2 Reinforced concrete |Corrosion of liner ranging from  [General visual examination and
(1999) drywell and wetwell [clusters of surface pitting visual examination of coated
BWR/4 with steel liner corrosion to a 2-mm-diameter areas (Inspection initiated as a
(Ref. 1.41) ) hole result of corrosion detected

at Surry)

10




Table 1.2 Summary of metal and concrete containment pressure boundary
component degradation occurrences.

Containment Degradation Description Affected Component Number of Similar
Type Occurrences
Metal Corrosion Steel shell or other pressure- 9

retaining component
Metal Cracking Bellows 4
Metal Coating degradation in high- Steel shell 2
temperature environment
Metal Coating degradation in aqueous Steel shell (torus) 4
environment
Metal Cracking Steel shell (torus) 1
Metal Brittle fracture Vent header (inside torus) or 2
nitrogen purge line
Metal Torus anchor bolt deformation lAnchor bolts (torus) 1
Metal Moisture barrier Stell shell 4
Concrete Corrosion Steel liner 13
Concrete Coating degradation Steel liner 2
Concrete Liner plate separation Steel liner 2
Concrete Liner leakage Steel liner 1

11
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2. CONDITION ASSESSMENT
2.1 BACKGROUND

Proper maintenance is essential to the safety of nuclear power plant containments, and a clear link exists between
effective maintenance and safety. To reduce the likelihood of failures due to degradation, the “Maintenance Rule” was
issued by the USNRC as 10 CFR 50.65 (“Requirements for Monitoring the Effectiveness of Maintenance at Nuclear
Power Plants”) on July 10, 1991. As discussed in the rule summary, in order to maintain safety, it is necessary to
monitor the effectiveness of maintenance, and to take timely and appropriate corrective action, when necessary, to ensure
that the maintenance process continues to be effective for the lifetime of nuclear power plants, particularly as plants age.
The rule requires that plant owners monitor the performance or condition of structures, systems, and components (SSCs)
against owner-established goals, in a manner sufficient to give reasonable assurance that such SSCs are capable of
fulfilling their intended functions. It is further required that the licensee take appropriate corrective action when the
performance or condition of a SSC does not conform to established goals. In order to verify the implementation of 10
CFR 50.65, the USNRC issued Inspection Procedure 62002, “Inspection of Structures, Passive Components, and Civil
Engineering Features at Nuclear Power Plants.”

Subsequently, on May 8, 1995, the USNRC published a final rule amending 10 CFR Part 54, “Requirements for Renewal
of Operating Licenses for Nuclear Power Plants,” that contained the requirements an applicant must meet to renew an
operating license. The final rule is intended to ensure that important SSCs will continue to perform their intended
function in the period of extended operation. Only passive, long-lived structures and components are subject to an aging
management review for license renewal, and the USNRC license renewal review will focus on the adverse effects of
aging. The USNRC concluded that passive, long-lived components should be subject to an aging management review
because, in general, functional degradation of these components may not be apparent so that the regulatory process and
existing licensee programs may not adequately manage detrimental effects of aging in the period of extended operation.

In June 1995, the USNRC published NUREG-1522, “Assessment of Inservice Conditions of Safety-Related Nuclear
Plant Structures.” The report contains information from various sources on the condition of structures and civil
engineering features at operating nuclear plants. The most significant information came from inspections performed by
the USNRC Staff of six plants licensed before 1977. Types of containment-related potential problem areas found
included coating degradation and base metal pitting, leakage of tendon corrosion inhibitor, lower than anticipated tendon
prestressing forces, bulging and spot corrosion of liner plate, concrete surface cracking, deteriorating concrete repair
patches, and torus corrosion. The main conclusion of the report was that a properly established and periodically applied
inspection and maintenance program would be beneficial to the plant owners in ensuring the integrity of the plant
structures. The importance of periodic inspections of structures, as part of the systematic maintenance program, cannot
be over emphasized. Substantial safety and economic benefit can be derived if the scope of the investigations is
comprehensive and includes degradation sites having difficult access that may not otherwise be inspected. Timely
remedial actions to arrest continuing or address benign degradations will ensure continued safety of the structures,
particularly in areas of difficult access.

Most of the degradation occurrences such as noted in Chapter 1 were first identified by the USNRC through its
inspections or audits of plant structures, or by licensees while performing an unrelated activity or after they were alerted
to a degraded condition at another site. Since none of the existing requirements for containment inspection provided
specific guidance on how to perform the necessary containment examinations, there was a large variation with regard to
the performance and effectiveness of licensee containment examination programs. Furthermore, based on results of the
inspections and audits, the USNRC was concerned because many licensee containment examination programs did not
appear to be adequate to detect degradation that could potentially compromise the containment leak-tight integrity. The
number of occurrences and extent of degradation experienced by a few of the structures at some plants resulted in the
USNRC publishing new rules regarding testing and in-service inspection.

2.1.1  Testing

One of the conditions of all operating licenses for water-cooled power reactors is that the primary reactor containments
shall meet the containment leakage test requirements set forth in Appendix J, “Primary Reactor Containment Leakage
Testing for Water-Cooled Power Reactors,” to 10 CFR 50 (2.1). These test requirements provide for preoperational and
periodic verification by tests of the leak-tight integrity of the primary reactor containment, and systems and components
that penetrate containment of water-cooled power reactors, and establish the acceptance criteria for such tests. The
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purpose of these tests is to assure that (1) leakage through the primary reactor containment and the systems and
components penetrating primary reactor containment shall not exceed allowable leakage-rate values as specified in the
technical specifications or associated bases, and (2) periodic surveillance of reactor containment penetrations and
isolation valves is performed so that proper maintenance and repairs are made during the service life of the containment,
and systems and components that penetrate primary containment.

Contained in this regulation are requirements pertaining to Type A, B, and C leakage-rate tests that must be performed
by each licensee as a condition of their operating license. Type A tests are intended to measure the primary reactor
containment overall integrated leakage rate (1) after the containment has been completed and is ready for operation, and
(2) at periodic intervals thereafter. Type B tests are intended to detect local leaks and to measure leakage across each
pressure-containing or leakage-limiting boundary for primary reactor containment penetrations (e.g., penetrations that
incorporate resilient seals, gaskets, or sealant compounds; and air lock door seals). Type C tests are intended to measure
containment isolation valve leakage rates. Requirements for system pressure testing and criteria for establishing
inspection programs and pressure-test schedules are contained in Appendix J.

On September 26, 1995, the USNRC amended Appendix J (60 FR 49495) to provide a performance-based option for
leakage-rate testing as an alternative to the existing prescriptive requirements. The amendment is aimed at improving
the focus of the body of regulations by eliminating prescriptive requirements that are marginal to safety and by providing
licensees greater flexibility for cost-effective implementation methods for regulatory safety objectives. Now that
Appendix J has been amended, either Option A—Prescriptive Requirements or Option B— Performance-Based
Requirements can be chosen by a licensee to meet the requirements of Appendix J. Option B allows licensees with good
integrated leakage-rate test performance histories to reduce the Type A testing frequency from three tests in ten years to
one test in 10 years. For Type B and C tests, Option B allows licensees to reduce testing frequency on a plant-specific
basis based on the operating experience for each component and establishes controls to ensure continued performance
during the extended testing interval. However, a general inspection of accessible interior and exterior surfaces of the
containment structure and components must be performed prior to each Type A test and during two other refueling
outages before the next Type A test if the interval for the Type A test has been extended to ten years. The USNRC
position on performance-based containment leakage-rate testing is discussed in Regulatory Guide 1.163 (2.2). Methods
considered acceptable to the USNRC Staff for complying with the provisions of Option B are provided in guidance
documentation prepared by the Nuclear Energy Institute (2.3).

The NEI document (2.3) presents an industry guideline for implementing the performance-based option and contains an
approach that includes continued assurance of the leak-tight integrity of the containment without adversely affecting
public health and safety, licensee flexibility to implement cost-effective testing methods, a framework to acknowledge
good performance, and utilization of risk and performance-based methods. The guideline delineates the basis for a
performance-based approach for determining Type A, B, and C containment leakage-rate surveillance testing frequencies
using industry performance data, plant-specific performance data, and risk insights. It does not address how to perform
the tests because these details can be found in existing documents (2.4). Licensees may elect to use other suitable
methods or approaches to comply with Option B, but they must obtain USNRC approval prior to implementation.

2.1.2  In-Service Inspection Requirements

Appendix J to 10 CFR Part 50, requires a general inspection of the accessible interior and exterior surfaces of the
containment structures and components to uncover any evidence of structural deterioration that may affect either the
containment structural integrity or leak-tightness. The large number of reported occurrences (over 60) and the extent of
the degradation led the USNRC to conclude that this general inspection was not sufficient. Thus, on August 8, 1996, the
USNRC published an amendment (61 FR 41303) to 10 CFR 50.55a of its regulations to require that licensees use
portions of the American Society of Mechanical Engineers Boiler and Pressure Vessel Code (ASME Code) (2.5) for
containment in-service inspection. The regulations were amended to assure that critical areas of the containments are
routinely inspected to detect and to take corrective action for defects that could compromise a containment’s structural
integrity. The amended rule became effective September 9, 1996. Specifically, the rule requires that licensees adopt the
1992 Edition with the 1992 Addenda of Subsection IWE, “Requirements for Class MC and Metallic Liners of Class CC
Components of Light-Water Cooled Power Plants,” and Subsection IWL, “Requirements for Class CC Concrete
Components of Light-Water Cooled Power Plants,* of Section XI, of the ASME Code. In addition, several supplemental
requirements with respect to the concrete and metal containments were included in the rule. A five-year implementation
period was permitted for licensees to develop and implement the examinations of Subsections IWE and IWL (i.e., no
later than September 9, 2001). Also, any repair and replacement activity to be performed on a containment after the
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effective date of the amended rule has to be carried out in accordance with respective requirements of Subsections IWE
and IWL of the ASME Code. However, the Director of the Office of Nuclear Reactor Regulation, at his discretion, can
grant relief from the requirements of 10 CFR 50.55a relative to repair and replacement activities to licensees who submit
a justifiable need to use an alternative that provides an acceptable level of safety or who encounter extreme hardship or
unusual difficulty without a compensating increase in the level of quality or safety. In September 2002, the USNRC
published another amendment (67 FR 6052) to 10 CFR 50.55a of it regulations to require licensees to adopt the 1997
Addenda, the 1998 Edition, the 1999 Addenda, and the 2000 Addenda of Section XI of the ASME Code. Subsequent
amendments to 10 CFR 50.55a published by the NRC presently require licensees to adopt the 2000 Code.

2.1.3 Continued Service Assessments

Operating experience has demonstrated that periodic inspection, maintenance, and repair are essential elements of an
overall program to maintain an acceptable level of reliability over the service life of a nuclear power plant containment,
or in fact, of any structural system. Knowledge gained from conduct of an in-service condition assessment can serve as a
baseline for evaluating the safety significance of any degradation that may be present, and defining subsequent in-service
inspection programs, and maintenance strategies.

Effective in-service condition assessment of a containment requires knowledge of the expected type of degradation,
where it can be expected to occur, and application of appropriate methods for detecting and characterizing the
degradation. Degradation is considered to be any phenomenon that decreases the containment load-carrying capacity,
limits its ability to contain a fluid medium, or reduces its service life. Degradation detection is the first and most
important step in the condition assessment process. Routine observation, general visual inspections, leakage-rate tests,
and nondestructive examinations are techniques used to identify areas of the containment that have experienced
degradation. Techniques for establishing time-dependent change such as section thinning due to corrosion, or changes in
component geometry and material properties, involve monitoring or periodic examination and testing. Knowing where
to inspect and what type of degradation to anticipate often requires information about the design features of the
containment as well as the materials of construction and environmental factors. Figure 2.1 provides a flow diagram of
one approach to the continued service evaluation process for nuclear power plant containments (2.6). Basic elements of
the condition assessment process for nuclear power plant pressure boundary components include development of a
structural component classification system and application of destructive and nondestructive test methods in areas of
concern.

2.2 STRUCTURAL COMPONENT CLASSIFICATION

The structural component classification system that has been developed addresses containment metallic pressure
boundary material identification and characterization, expansion of the Structural Materials Information Center, and
formulation of a degradation assessment methodology.

2.2.1 Containment Metallic Pressure Boundary Structural Component Classification System

An approach has been developed for use in collection and presentation of data and information on ferrous alloys
permitted for use in construction of pressure-retaining components in concrete and metal containments (2.7). The
approach consists of identification of applicable materials, development of classifications and designations for the
materials, representation of material properties and data, utilization of the Structural Materials Information Center
(SMIC) (2.8), and input of pertinent data and information into SMIC.

2.2.1.1 Containment metallic pressure boundary materials

All containments include pipes, electrical penetration assemblies, equipment hatches, manways, and airlocks, as part of
the pressure boundary. These components generally are either welded or bolted to the liners and shells and typically
have compositions and properties that are different from those of the liner and shell materials. These materials must
conform to American Society of Mechanical Engineers (ASME) or American Society for Testing and Materials (ASTM)
specifications. Section II, Parts A and D of the ASME Code (2.5) provide specifications and property values for ferrous
materials that are acceptable for use. Part A contains material specifications for ferrous materials that were developed by
ASTM and adopted by ASME. ASTM specifications represent a consensus among producers, specifiers, fabricators, and
users of steel products, and provide designations to distinguish a material and to group together materials with similar
compositions and characteristics.
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The ASME Code only permits the use of certain materials for fabrication of containment pressure boundary components.
In addition to the material type, the Code also states explicitly which grade, class, or type of steel is permitted for a
particular application. Although the list of acceptable materials for construction of concrete and metal containment
pressure boundary components is fairly extensive, metal containments have been primarily fabricated of low- or
unalloyed steels such as ASME SA-516 (Grades 60 or 70), ASTM A 212 (Grade B),* and ASME SA-537 (Grade B)
materials. Mark III free-standing steel containments primarily use ASME SA-516 (Grade 70) material for construction,
with the shell plate in the pressure suppression pool clad with ASME SA-240 (Type 304) stainless steelx* to avoid
contact of the carbon steel plate with water. The liners of reinforced concrete containments are typically composed of
carbon steel (e.g., ASME-SA-285, Grade 70; ASME-SA-516, Grade 70) plate stock less than 13-mm thick. Liners in
certain BWR suppression pools are made of carbon steel plate with a stainless steel cladding. Closure heads, access
airlocks, and penetrations are also normally made of low-alloy steels with the exception of the expansion bellows of
piping penetrations that are made of Type 304 stainless steel.

2.2.1.2 Classification and identification of metallic pressure boundary materials

Ferrous metals are composed of iron and carbon plus other elements introduced during the manufacturing process as part
of the raw materials or intentionally added as alloying elements. Steel is a common ferrous metal that is used
extensively in the construction industry because it can be manufactured relatively inexpensively in large quantities
according to standard specifications. The properties of steel can be varied over a wide range by the addition of carbon
and alloying elements and by heat treatment and mechanical operations. Most ferrous alloys produced and shipped in the
US are carbon steels. Typically these steels contain up to two percent total alloying elements. The high-alloy steels
include a broad family of materials known as stainless steels. Stainless steels are iron-based alloys that contain at least
10.5 percent chromium. Corrosion resistance and extreme-temperature mechanical properties are the most important
characteristics of stainless steels. Stainless steel types include martensitic, ferritic, austenitic, duplex, and precipitation-
hardening.

Classification systems for steels are typically based on either chemical composition, manufacturing method, finishing
method, product form, deoxidation practice, microstructure, required strength level, heat treatment, or quality descriptor
(2.9). A standard guide (ASTM E 1338) for the identification of metals and alloys in computerized materials property
databases has been adopted by ASTM (2.10). This guide contains a sample format that includes 37 information fields
considered necessary for the generic identification of metals and alloys. The information fields in the guide are
subdivided into eight data segments that represent (1) primary identifiers, (2) specifications, (3) characterization,
(4) material source, (5) processing history, (6) part details, (7) fabrication and service history, and (8) supplemental
information. Certain of these fields are essential for the database to be complete while others represent information that
is considered desirable. In general, as the amount of essential and desirable information reported for a particular material
increases, the uncertainty and confusion related to identification of a specific material decreases.

Although material specifications and a unified numbering system (UNS) designation generally provides relatively simple
yet effective ways to distinguish one metal from another, when data and information from many different sources are
compiled and stored in a computerized database additional identification parameters are often required to establish a
unique identity for the material. Unique identification is also required for efficient retrieval of information and to allow
meaningful comparisons of data and information from different sources. As existing classifications or designations were
considered to be adequate for use with a material property database, a material code approach was developed to identify
steels used to fabricate containment pressure boundary components.

The Material Code concept was adopted because it provides a convenient way to categorize and organize materials based
on compositional and processing information rather than simply by material specification designations. Figure 2.2
shows a typical material code arrangement for a low-alloy carbon steel plate material permitted for the use in
construction of containment pressure boundary components. The first two characters of the material code are the

* Steel conforming to ASTM A 212 requirements was used in the 1960s for containment construction. This material

specification, which included requirements for Grades A and B steel plates, was discontinued in 1966 and replaced by
ASTM A 515 and A 516.

x+ Stainless steel components are not normally used in nuclear power plant containments except for bellows, penetration
assemblies (e.g., electrical and piping), and seal components between the pressure vessel flange and drywell of some
BWR designs.
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Chapter Index. This two-digit number corresponds to the chapter in the Structural Materials Handbook (described later)
where properties for this material are reported. For steel materials used to construct containment pressure boundary
components the chapter index is 06. The second parameter (third character in the material code) is the Group Index.
This single-letter designation is used to subdivide materials in Chapter 06 into groups of materials with common
compositional characteristics. Carbon and low-alloy steels are assigned to the “A” group index and stainless steels are
assigned to the “B” group index. The third parameter (fourth character in the material code) is the Class Index. This
single-letter designation is used to organize materials with the same group index into types of materials that have the
same processing history. Table 2.1 presents the various class indexes that have been developed for containment steels.
The fourth parameter (fifth, sixth, and seventh characters in the material code) is the Identifier Index. Identifiers are
three-digit numbers in the range from 000 to 999 that are used to distinguish materials within the same group and class
from each other.

2.2.1.3 Representation of material properties and data

Structural integrity and load-carrying capacity of containment pressure boundary materials are influenced by the
mechanical properties of the construction materials. Changes in material properties resulting from severe environments
can also affect component performance. Test methods for determining the mechanical properties of steel products have
been established by ASTM and adopted by ASME (2.11, 2.12) even though the ASME Code (2.13, 2.14) does not
require testing of production materials to establish property values for use in design calculations. Values for use in
design calculations are tabulated in Section II, Part D, Subparts 1 and 2 of the Code (2.15) and include maximum
allowable stress, design stress intensity, tensile strength, modulus of elasticity, and yield strength over a fairly wide
temperature range. Design fatigue curves for various types of steels for use in analysis of cyclic operation and thermal
stress ratcheting are provided in Section III, Division 1, Appendix I of the Code (2.16).

In order to ensure material-to-material presentation format consistency and compatibility, a four-digit Property Code is
used to represent individual data fields and specific information entries. Table 2.2 identifies the property code ranges
and the corresponding property categories covered by each range. Tables 2.3 (a) and 2.3 (b) list property codes and
corresponding property descriptions for various mechanical properties, and certain types of engineering graphs that can
be reported for a particular containment steel, respectively.

General and bibliographic information is also reported for each containment steel included in the database. Table 2.4
presents general information property codes and corresponding property descriptions used to categorize and
systematically represent containment steel data and information. Bibliographic information is also reported for each
containment steel included in the database.

2.2.2 Structural Materials Information Center (SMIC)
2.2.2.1 Description of SMIC

Results of a review and assessment of materials property data bases (2.17) and a plan that had been prepared (2.18) were
used under the Structural Aging Program (3.19) to develop the Structural Materials Information Center (SMIC) (2.8). A
general description of the Structural Materials Handbook and the Structural Materials Electronic Database that form the
SMIC is provided below.

The Structural Materials Handbook was developed as an expandable, hard-copy reference document that contains
complete sets of data and information for each material in the SMIC. The handbook consists of four volumes that are
provided in loose-leaf binders for ease of revision and updating. Volume 1 contains design and analysis information
useful for structural assessments and safety margins evaluations (e.g., performance curves for mechanical, thermal,
physical, and other properties presented as tables, graphs, and mathematical equations). Test results and data used to
develop the performance curves in Volume 1 are provided in Volume 2. Volume 3 contains material data sheets that
provide general information, as well as material composition and constituent material properties, for each material
system contained in the handbook. Volume 4 contains appendices describing the handbook organization, as well as
updating and revision procedures. With the addition of steels for fabrication of containment pressure boundary
components, Volumes 1, 2, and 3 of the handbook contain six chapters of materials property data and information, with
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the chapters consistent between the volumes.* As noted previously, each material in the database is assigned a unique
seven-character material code that is used to organize materials with common characteristics. Also, each material
property has been identified by a unique four-digit property code selected from an established set of material property
categories.

The Structural Materials Electronic Database is an electronically accessible version of the Structural Materials
Handbook. 1t has been developed on an IBM-compatible personal computer using a commercially-available database
management system designed specifically for maintaining and displaying properties of engineering materials. To ensure
that the handbook and electronic database are compatible, each material included in the electronic database is identified
by the same common name and material code that have been used to represent the material in the handbook. Also, each
electronic database material record contains data and information taken directly from the handbook. Due to software
limitations, the electronic database is not as comprehensive as the handbook, but it does provide an efficient means for
searching the various database files to locate materials with similar characteristics or properties. The electronic database
management system includes two software programs: Mat.DB (2.21) and EnPlot (2.22). Mat.DB is a menu-driven
program that employs window overlays to access data searching and editing features. This software is capable of
maintaining, searching, and displaying textual, tabular, and graphical information and data contained in electronic
database files. EnPlot is a program that incorporates pop-up menus for creating and editing engineering graphs. This
software includes curve-fitting and scale-conversion features for preparing engineering graphs and utility features for
generating output files. The engineering graphs generated with EnPlot can be entered directly into the Mat.DB database
files. These graphs are compatible with Microsoft Word, the word processing software used to prepare the handbook.

Associated with each entry of data (numerical results of tests) or values (results of evaluation of data) into the database is
an assessment of the quality of the entries presented in the form of a letter grade. Although the criteria for assessing the
quality of data and values are somewhat subjective, five quality levels have been developed. These levels are
represented, in order of descending quality, by the letters A through E. Eleven requirements are utilized in the evaluation
of the quality of data and values with specific criteria for each of the quality levels having been developed. Each
reference document that is used as an information source is assigned a unique integer identifier. In Volumes 1 and 2,
reference numbers are listed to identify each information source, and all references that are used to develop a reported
property for a particular material are provided in Volume 3. Since each reference may be used for more than one
property or structural material, a complete listing of references appears in Appendix E of Volume 4. The integer
identifier assigned to each reference source is consistent in both the handbook and the electronic database.

2.2.2.2 Input of data and information

Data and information on steels used to fabricate containment pressure boundary components have been collected from
open-literature reports and published references. As a minimum requirement for entry into the database, general
information must be reported for each steel so that a unique material identification can be established and experimental
results, test data, or nominal property values must be available. Mechanical and physical property values provided in
Section II, Part D of the Code have been used to supplement data and information collected.

Data collection for input into SMIC is an ongoing research effort. To date, handbook pages and electronic database files
have been prepared for nine materials: ASME SA-36, ASME SA-516 (Grades 55, 60, 65, and 70), ASME SA-537
(Classes 1 and 2), and ASME SA-442 (Grades 55 and 60). Properties available for each of these materials include
tensile yield strength versus temperature and ultimate tensile strength versus temperature. Tensile yield strength ratio
versus temperature results (ratio between elevated- and ambient-temperature values) are also available for the ASME
SA-36 material. Table 2.5 provides a list of the materials most widely used for the construction of containment pressure
boundary components. Although the materials contained in this table represent only a small number of the steels
permitted for use by the Code, it presents the most commonly used steels, as compiled from information contained in
Final Safety Analysis Reports (FSARs) representing both BWR and PWR plant types.

* Material families included in the handbook as Chapters 1 to 5 include Portland cement concretes, metallic
reinforcements, prestressing tendons, structural steels, and rubbers. A summary of materials that have been included in
SMIC is available (2.20).
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2.3 DEGRADATION ASSESSMENT METHODOLOGY

Metal containments and liners of reinforced concrete containments under normal operating conditions are subject to
various operating and environmental stressors, such as ambient pressure fluctuations and temperature variations. The
mechanical stresses and strains generated by transients under normal operating conditions and the effects of high-
probability external influences are a small fraction of the limiting conditions for which the containment is designed.
Loads incurred during normal plant operation therefore generally are not significant enough to cause appreciable
degradation. However, these structures are susceptible to aging by various processes depending on the operating
environment and service conditions.

The containment is subjected to various types of internal degradation (i.e., aging-related) caused by its inherent material
characteristics, fabrication processes, and construction methods. The rate and extent of such degradation* are influenced
by the sustained environmental conditions (e.g., temperature, humidity, water leakage, and acid spills). Thus, the ability
of the containment pressure boundary to perform satisfactorily under the design basis as well as under higher loading
conditions, such as resulting from a severe accident and seismic margin earthquake, are

influenced by the complex interaction between its inherent ability and the various stressors and degradation mechanisms
that are present. Analysis of the potential impact of age-related effects must be done in conjunction with all the
appropriate system parameters, including the types of material, history of the materials, mechanical and thermal stresses,
stress cycles, environment (e.g., chemistry, radiation, humidity, and flow rate), and the local geometry. The effects of
these processes may accumulate within these structures over time to cause failure under design conditions, or lead to
costly repair. Table 2.6 lists several factors associated with pressure-retaining steel component degradation.

Contained in the balance of this section is a description of a degradation assessment methodology intended for use in
characterizing the in-service condition of metal and concrete containment pressure boundary components and
quantifying the amount of damage present (2.23). Condition assessments are essential to reliable continued service
evaluations and informed aging-management decisions. From an aging management viewpoint, metal and concrete
containment pressure boundary components that exhibit satisfactory long-term performance and do not experience
in-service degradation can be considered acceptable for continued service. However, components found by routine
examination or in-service inspection to be deteriorated or damaged must be evaluated to determine whether continued
service is appropriate, or whether repairs, replacements, or retrofits are needed. Requirements for corrective actions that
are to be taken when evidence of structural deterioration is discovered are provided in 10 CFR 50, Appendix J (2.1).
More detailed acceptance standards and evaluation criteria for use in determining the acceptability of degraded
components for continue service are provided in Section XI, Division 1, Subsection IWE of the Code (2.6, 2.24).

Continued service evaluations are performed by qualified engineers and authorized personnel who determine the
adequacy of degraded components for their intended use (2.25). The decision-making process begins with an
understanding of the in-service condition of each containment component. Condition assessments that provide essential
information for continued service evaluations involve detecting damage in areas of the containment pressure boundary
that are potentially vulnerable to in-service deterioration or attack, classifying the types of damage that may be present,
determining the root cause of the problem, and quantifying the extent of degradation that may have occurred.
Knowledge gained from condition assessments can serve as a baseline for evaluating the safety significance of any
damage that may be present and defining in-service inspection programs and maintenance strategies. Condition
assessment results can also be used to estimate future performance and remaining service life.

Table 2.7 identifies and defines four elements associated with in-service condition assessments for metal and concrete
containment pressure boundary components. These elements focus on damage detection, damage classification, root-
cause determination, and damage measurement. Major topics pertaining to each element are listed in Fig. 2.3. Because
information required to characterize and quantify the condition of degraded components must be established on a
case-by-case basis taking into consideration unique containment design features and plant operating constraints, some of
the topics addressed below may not always be relevant while other issues that are considered important may not be
addressed. For this reason, the degradation assessment methodology developed does not include a step-by-step

* Degradation is considered to be any phenomenon that decreases the load-carrying capacity of a pressure-retaining
component, limits its ability to contain a fluid medium, or reduces its service life. The root cause for component
degradation can generally be linked to a design or construction problem, inappropriate material application, a base-metal
flaw, or an excessively severe service condition.
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procedure for performing in-service condition assessments or conduct of continued service evaluations, but provides
general, non-prescriptive guidance with respect to the four elements associated with in-service condition assessments.

2.3.1 Damage Detection

Detection of deteriorated or damaged containment pressure boundary components is the first and most important step in
the condition assessment process. Certain types of damage such as grooves and gouges that can potentially jeopardize
containment structural capacity or leak-tight integrity are often easy to identify by visual inspection, particularly when
they occur in areas that are readily accessible. However, damage occurring in less accessible areas such as beneath nuts
and washers, between flanges, or adjacent to seals and gaskets can be difficult to detect unless the components are
disassembled. Damage that occurs in enclosed spaces such as corrosion of steel liner plate embedded in concrete or steel
covered by flashing or caulking can only be reliably detected by removing the obstruction and exposing the suspect area.
Routine observation, general visual inspections, leakage-rate testing, and nondestructive examinations are techniques
frequently used to identify areas of the containment that have experienced degradation.

Knowing where to inspect and what type of damage to anticipate often requires information about the design features of
the containment and the materials used to construct its pressure-retaining components. Design basis documentation is an
important source of plant-specific information. As aliving document, the design basis includes information such as the
original design codes, material standards, fabrication drawings, design calculations, stress analyses, loading
combinations, safety margins, corrosion allowances, and inspection reports as well as subsequent design changes and
plant modifications. Construction details and dimensions of suspect areas can usually be obtained from design or
as-built drawings, construction specifications, inspection reports, and plant logs. Areas of the containment pressure
boundary considered suspect may include carbon and stainless steel component surfaces located along the path of
borated water leaks, carbon steel surfaces exposed to water or condensation, and regions where the relative humidity is
high (e.g., above 60 percent). USNRC documents such as Office of Inspection and Enforcement Bulletins, Information
Notices, inspection and test reports, Generic Letters, Licensee Event Reports (LERs), NUREG reports, Federal Register
notices, correspondence, and docket files describing degradation that has occurred at one or more plants can also be
helpful in identifying suspect areas and preparing effective in-service inspection plans and programs. Several of these
documents were listed in references for Chapter 1 as well as a listing of instances of containment pressure boundary
component degradation (Table 1.1). Factors that contributed to the discovery of these instances of containment
degradation (e.g., steel corrosion, coating degradation, bellows leakage, steel liner corrosion, liner plate separation, or
liner leakage) are among the damage detection parameters identified in Fig. 2.4.

2.3.1.1 Component configuration

The leak-tightness of concrete and metal containment systems is ensured by a continuous pressure boundary consisting
primarily of steel components that are either welded or bolted together. Each containment system includes the
containment vessel and all penetration assemblies and appurtenances attached to the containment vessel as well as pipes,
valves, and pumps required to complete the pressure boundary. Appurtenances are items intended to be attached to a
component. An attachment is an element that is in contact with or connected to the inside or outside of the pressure-
retaining portion of a containment vessel. It may be either a pressure-retaining or nonpressure-retaining element that
provides either a structural or nonstructural function (2.13). Attachments with a pressure-retaining function include
items such as stiffeners and vessel opening reinforcement. Those with nonpressure-retaining function include items such
as thermal sleeves, turning vanes, and containment vessel supports. The boundary between the containment vessel and
an attachment is defined in the design specification. Design specifications are documents that provide the basis for
design and construction of a containment vessel in accordance with requirements provided in the ASME Boiler and
Pressure Vessel Code. Specific rules for defining the containment vessel boundary are provided in Section III,
Division 1, Subsection NE and Division 2, Subsection CC of the ASME Code (2.13 and 2.14).

Relatively thin low-carbon steel plates ranging in thickness from about 6 to 51 mm are used to construct metal
containment shells and concrete containment liners. Dimensions and locations of pressure boundary components are
shown in the design drawings. These drawings illustrate the structural and mechanical details described in the design
specifications. Terms commonly used to designate components that may be represented in design drawings and
specifications include liners, electrical and mechanical penetration assemblies, piping penetrations, equipment hatches,
airlocks, manways, leak-chase channels, nozzles, knuckles, closures, shells, heads, welds, bellows, torus, covers,
supports, liner anchors, and embedments. As noted previously, containment pressure boundary components are
fabricated primarily from carbon steel plates, shapes, bars, strips, pipes, tubes, castings, and forgings. However, low-
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and high-alloy steels are used in certain bolting applications, and high-alloy or stainless steels are used to fabricate
special components such as bellows expansion joints. One way to identify the type, class, or grade of steel used to
fabricate a particular component is to examine the design drawings and construction specifications. These documents
generally use ASTM or ASME material specification designations to distinguish one steel from another. Accurate
material identification is a very important damage detection parameter because it establishes baseline properties for the
material, characterizes expected material performance, and focuses the search for possible degradation mechanisms.

2.3.1.2 Environmental and operating conditions

Knowledge about the environmental and operating conditions inside and outside the containment and information from
operating experience, maintenance activities, and past service failures can provide valuable guidance on where to
anticipate degradation, how to identify damage, and what degradation mechanisms caused the damage.

Environmental conditions inside BWR and PWR containments are controlled during normal plant operations. In certain
plants, the containment is maintained under a slight vacuum and in others a small overpressure is applied. Heat
generated by the nuclear reactor is removed by a ventilation and cooling system. The average temperature inside BWR
Mark I containments ranges from about 57 to 66°C while the average temperature inside PWR containments is about
49°C. Acceptable service temperature limits for the metallic materials used in containment construction are provided in
applicable codes and standards (e.g., ASME Code). These limits have a significant influence on the allowable operating
temperature range of the containment. One area of potential elevated temperature concern is in the containment shell
near high temperature piping penetrations where temperatures can also fluctuate. To minimize the temperature effects,
most plants insulate the pipes within the penetrations. Air chemistry inside the containment is also monitored and
continuously adjusted to maintain a nearly constant environment. BWR Mark I and Mark II containments are inerted
with nitrogen to prevent hydrogen-oxygen recombination. The oxygen content inside these containments is generally
maintained at a level of less than four percent by volume (2.26). BWR Mark III and PWR containments are filled with
air. During normal plant operations, water is usually not present inside PWR containments and relative humidity levels
generally range from about 15 to 40 percent except for PWRs with ice-condensers where levels can range up to
60 percent. However, under certain conditions, condensate can form on colder surfaces located near the ice-condensers,
or steam can be released inside the containment as a result of leaky flanges, valves, and pumps. Water produced in these
instances is considered undesirable because it can create potentially corrosive situations as it flows over safety-related
items or accumulates on pressure-retaining component surfaces. Unlike PWR containments, water is normally present
inside BWR containments in the pressure suppression pools and chambers. The quality and chemistry of the water can
influence the rate of corrosion of pressure boundary components that are in contact with the water. The relative humidity
inside BWR containments can range up to 60 percent, but the humidity level varies from one location to another because
the average temperature inside the containments does not always remain constant, and because the operating temperature
in one area may be different from that in another. Although high radiation levels are generated inside the nuclear reactor,
biological shielding effectively limits exposure of the containment pressure boundary materials to levels that are
considered safe for occupational workers. Consequently, end-of-life fluence effects on containment components is
anticipated to be quite small (2.27). Only in the unlikely event of a severe accident can the radiation levels inside the
containment become significant.

Environmental conditions outside the containment can be significantly different from the conditions on the inside. All
BWR and PWR metal containments are enclosed in a reactor shield building that protects the vessel from sun, wind, rain,
sleet, and snow, but the atmospheric conditions inside these buildings may or may not be controlled, so certain local
environments within these structures can be relatively harsh.= Outer surfaces of metal containments are either exposed
directly to the reactor shield building environment, in contact with compressible filler material that separates the steel
shell from the concrete reactor shield building, or embedded in the basemat concrete. The distance between the metal
containment shell and the reactor shield building varies from one plant to another. In BWR Mark I1I and PWR plants
with cylindrical steel containments, there is a large annular space between the steel shell and the reactor shield building.
This space, which can be as large as 1.8 meters, allows access to the outer surface of the containment for direct

* Although the plants have been shut down, the spherical containments at Big Rock Point, San Onofre 1, and Yankee
Rowe were exposed to the natural environment because they were constructed without reactor shield buildings. Exposed
surfaces of these containments were protected by an extensive coating system that could be periodically inspected and
maintained. Part of the Big Rock Point steel shell is embedded in the concrete basemat, but the other two containments
are supported on steel columns.
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inspection and maintenance. The annular space between the steel shell and the reactor shield building in BWR Mark I
and Mark II plants is much smaller and in some cases impossible to inspect or maintain. During construction of the
reactor shield building of these plants (e.g., BWR MK 1), a compressible filler material was placed against the steel shell
to form a permanent 51- to 76-mm gap between the steel shell and the concrete shield wall. The gap was sized to
accommodate differences in thermal expansion and contraction between the concrete and the steel shell and to permit
unrestricted deformation during design-basis accidents. In some plants, the filler material was removed after
construction, but in others it was left in place. Although water is not usually present in these gaps, the upper regions of
BWR drywells are generally flooded during refueling causing cycles of wetting and drying in these areas. In addition,
leaks from failed penetration seals, piping gaskets, and bellows expansion joints#* may have introduced water into the
gap areas creating potentially corrosive environments. In plants where the compressible filler material has not been
removed, water can become trapped against the steel shell and cause corrosion. Contaminants (e.g., Na, K, Mg, SOy, or
Cl) leached from the filler materials can accelerate the corrosion process (2.26). Water that eventually flows through the
gap can end up accumulating in the sand pocket creating another potentially corrosive situation. These sand pockets are
connected to drains that keep excess moisture from accumulating near the carbon steel shell. When the drains function
properly, corrosion of the shell is usually not significant. However, when the drains fail or the water is not promptly
removed, significant thinning of the shell can occur as a result of general or localized corrosion. In some BWR Mark |
containments, galvanized steel plates cover the sand pockets and prevent moisture from entering these potentially
vulnerable areas. For reinforced and post-tensioned concrete containments, outer surfaces of the pressure boundary are
in direct contact with hardened concrete that protects the carbon steel liner and other metallic components from exposure
to the natural environment and provides the necessary structural support. Carbon steel shells, anchors, and concrete
containment liners that are embedded in Portland cement concrete are normally exposed to a high pH environment that
ranges from about 12.5 to 13. This environment promotes the formation of a passive iron oxide film that tends to inhibit
corrosion. However, even in this high pH environment, chloride ions that penetrate the concrete can destroy the passive
film on the steel and produce corrosion. Potential sources of chloride ion contamination include seawater for plants
affected by ocean environments and ground water contaminated with chloride ions that permeates through the concrete
to the level of the embedded carbon steel components. Fluid intrusion (e.g., water, cleaning fluids, and decontamination
fluids) between the carbon steel shell of metal containments and the adjacent concrete can also produce corrosion (2.29).
For this reason, caulking, flashing, and sealants are provided at concrete-to-steel interfaces to restrict access of fluids to
steel surfaces in contact with concrete.

2.3.1.3 Leakage-rate testing

Regulations for preservice and subsequent periodic containment leakage-rate testing are provided in 10 CFR 50,
Appendix J (2.1). This regulation contains requirements pertaining to Type A, B, and C leakage-rate tests that must be
performed by each licensee as a condition of their operating license. As noted earlier (Sec. 2.1.1), the NRC amended
Appendix J to provide a performance-based option for leakage-rate testing aimed at improving the focus of the body of
regulations by providing an alternative to the prescriptive requirements that are marginal to safety and providing
licensees greater flexibility for cost-effective implementation methods for regulatory safety objectives.

2.3.1.4 Preservice and in-service inspection

Preservice and in-service inspection requirements for metal and concrete containment pressure boundaries and rules for
containment pressure testing are provided in Section XI, Division 1, Subsection IWE of the ASME Code (2.6). This
consensus standard addresses examination of accessible metal surfaces; seals, gaskets, and moisture barriers; dissimilar
metal welds; and pressure-retaining bolting. Requirements for system pressure testing and criteria for establishing
inspection programs and pressure test schedules are also included. The inspections are intended to detect problems that
could adversely affect the structural capacity of the containment and to periodically verify its leak-tight integrity.

#+Containment bellows are susceptible to low-cycle fatigue and stress-corrosion cracking during normal plant operation.

Since each ply of the bellows is relatively thin, scratches or indentations incurred during fabrication, installation, or
operation can cause stress concentrations that reduce the fatigue life. Also, misalignment during installation can reduce
the fatigue life by inducing additional stresses. Corrosion of stainless steel bellows is more likely to occur if stresses
such as residual stresses from the cold-forming process are present, or mechanical wear or deformations are present.
Transgranular stress-corrosion cracking of bellows has occurred resulting from exposure to chlorides, sulfides, or
fluorides, that might have accumulated over time, in the presence of high residual and tensile stress (2.28).
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Inspection requirements for piping, pumps, and valves that complete the pressure boundary are provided elsewhere in
Section XI.

Containment surface inspection requirements apply to metal containment pressure-retaining components and their
integral attachments, and to metallic shell and penetration liners of concrete containments. Areas requiring periodic
examination from at least one side of the vessel are listed in Table 2.8 (2.6, 2.24). A general visual examination of all
accessible containment surfaces (not including surface areas that are submerged or insulated) is performed either directly
or remotely by an examiner with visual acuity sufficient to detect evidence of degradation that could adversely affect
either the containment structural capacity or leak-tight integrity. In areas that are painted or coated, evidence of flaking,
blistering, peeling, discoloration, and other signs of distress may be considered suspect and could require further
evaluation, repair, or replacement. In areas that are not coated or painted, evidence of cracking, discoloration, wear,
pitting, excessive corrosion, arc strikes, gouges, surface discontinuities, dents, and other signs of surface irregularities
may also require further evaluation, repair, or replacement. When surface flaws or suspect areas requiring further
evaluation are detected, supplemental surface or volumetric nondestructive examinations may be required to determine
the character of the flaw or to measure the extent of degradation. Magnetic particle and liquid penetrant are examples of
surface examination techniques that could be used to establish the size, shape, and orientation of flaws. Radiography and
ultrasonics are examples of volumetric examination techniques that are commonly used to measure the extent of
subsurface degradation. Additional information about these and other nondestructive examination and inspection
techniques is provided in Section 3.1. Decisions to accept, repair, or replace defective areas are often based on
comparisons between current nondestructive examination results and recorded results from preservice and prior
in-service examinations. Areas that have experienced change but are considered acceptable can be placed back into
service without repair or replacement. However, the nondestructive examination results must be recorded for use in
future evaluations.

Surface areas likely to experience accelerated degradation and aging require augmented examinations. These areas are
specifically identified in the inspection program document prepared by the licensee and may include interior and exterior
containment surfaces such as those identified in Table 2.9 (2.6, 2.33-3.36). Coated and uncoated areas requiring
augmented examination are visually examined for evidence of coating degradation or surface flaws. Areas requiring
further evaluation are then inspected using supplemental surface or volumetric examination techniques. Examinations
that reveal material loss exceeding 10 percent of the nominal containment wall thickness must be documented, evaluated,
and then either accepted, repaired, or replaced. Flaws or degraded areas that are evaluated and considered nonstructural
in nature or have no effect on the structural integrity of the containment may be considered acceptable for continued
service without repair or replacement. However, areas that contain these flaws or degradation must be reexamined
during subsequent inspections.

Containment seals, gaskets, and accessible surfaces of moisture barriers are required to be visually examined during each
in-service inspection to detect wear, damage, erosion, tear, surface cracks, or other defects that could affect leak-tight
integrity. Seals and gaskets that are used to prevent leakage through airlocks, hatches, and other devices must be
examined over their entire length. However, disassembly of sealed or gasketed connections is not required just to
provide access for inspection. Surfaces of containment moisture barriers such as flashing, caulking, and other sealants
must be inspected if they are accessible. Moisture barriers, which may be located on the inside or outside of the
containment, are used at concrete-to-metal interfaces to prevent intrusion of moisture between the steel shell or liner and
the concrete. Items considered defective must either be repaired or replaced.

Surfaces of pressure-retaining dissimilar metal welds subject to cyclic loads and thermal stresses during normal plant
operations must be visually examined during each in-service inspection. Dissimilar metal welds include those between
carbon or low-alloy steels and high-alloy steels, carbon or low-alloy steels and high nickel alloys, and high-alloy steels
and high nickel alloys. The examination area includes the weld metal and the base metal for 12.7 mm beyond the edge
of'the weld. Surface examinations are performed to detect planar flaws, but during any particular in-service inspection,
only 50 percent of the dissimilar metal welds require inspection. Allowable flaw sizes are provided in Section XI,
Division 1, Subsection IWB of the ASME Code (2.37).

2.3.2 Damage Classification
Service-related degradation can affect the ability of a containment to perform satisfactorily in the unlikely event of a

severe accident by reducing its structural capacity or jeopardizing its leak-tight integrity. The significance of component
degradation can be assessed by comparing its in-service condition to its condition immediately after construction, or
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following a repair. Condition assessments require knowledge about potential degradation mechanisms and an
understanding of environmental conditions that can promote deterioration. The root cause for component degradation
can generally be linked to a design or construction problem, inappropriate material application, a base-metal flaw, or an
excessively severe service condition. Determining what caused the degradation can help identify the type of damage that
has occurred and define actions to be taken to reduce or eliminate further deterioration.

Damage occurs when the microstructure of a material is modified by exposure to a severe environment or when the
geometry of a component is altered. Component degradation can be classified as either material or physical damage.
Determining whether material or physical damage has occurred often requires information about the service conditions to
which the component was exposed and an understanding of the degradation mechanisms that could cause such damage.
Figure 2.5 lists the potential degradation mechanisms associated with material and physical damage.

2.3.2.1 Material damage

Material damage occurs when the microstructure of a metal is modified causing changes in its mechanical properties.
When produced under controlled conditions, changes in the microstructure of a metal can have a beneficial effect. For
example, metals such as high-carbon steels and certain alloy steels are heat treated to produce a specified hardness.
However, when the exposure conditions are not controlled, such as in a fire, the mechanical properties (e.g., tensile and
yield strength) of the affected metal can degrade to such an extent that the component is no longer suitable for its
intended use.

Indications that material damage has occurred can occasionally be detected by visual examination or other
nondestructive inspection techniques. For example, color variations in a metal surface may indicate that a component
has been exposed to elevated temperatures (2.39), and microscopic examination of a metal section may show differences
in microstructure caused by chemical attack. However, the effects of changes in microstructure on mechanical properties
can only be determined by testing samples of the affected material. The magnitude of change in a mechanical property
value is generally determined by comparing results obtained from specimens subjected to the environmental conditions
of interest to results obtained from companion specimens tested under controlled laboratory conditions. Potential
sources of material damage include excessive low- or high-temperature exposure, metallurgically-influenced corrosion
(intergranular or dealloying), hydrogen embrittlement, and neutron irradiation. Table 2.10 provides information on each
of these degradation mechanisms, however, material damage to metal containment pressure boundary components from
any of these sources is not considered likely.

2.3.2.2 Physical damage

Physical damage occurs when the geometry of a component is altered by the formation of cracks, fissures, or voids, or its
dimensions change due to overload, buckling, corrosion, erosion, or formation of other types of surface flaws. Changes
in component geometry, such as wall thinning or pitting caused by corrosion, can affect structural capacity by reducing
the net section that is available to resist applied loads. In addition, pits that completely penetrate through the component
can compromise the leak-tight integrity of the containment.

Detection of physical damage is routinely accomplished by visual inspection, nondestructive examination, or destructive
testing. However, the effects of physical damage on structural capacity or leak-tight integrity must be assessed on a
case-by-case basis because its significance is a function of the magnitude of the damage and the location where the
damage has occurred. For example, because stresses in a metal containment vessel vary from one location to another,
uniform wall thinning over a relatively large area is more significant at locations where tensile stresses are the highest.
Potential degradation methods associated with physical damage are summarized below and include general corrosion,
localized corrosion, mechanically-assisted degradation, environmentally-induced cracking, and fatigue.

2.3.2.2.1 General corrosion

Corrosion is a chemical or electrochemical reaction between a material, usually a metal, and its environment that
produces a deterioration of the material, and in some cases its properties. General corrosion of steel is degradation that

. Flaws are imperfections or unintentional discontinuities that are detectable by nondestructive examination (2.32). A
defect is a flaw, discontinuity, or group of discontinuities whose indications do not meet specified acceptance criteria
(2.38).
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produces uniform thinning and proceeds without appreciable localized attack. This type of corrosion is characterized by
slow, nearly uniform loss of metal thickness over a wide area. Historical data for corrosion of carbon steel exposed to an
industrial environment indicate general corrosion rates in the range of 0.003 to 0.03 mm/yr (2.9). Damage caused by
general corrosion is relatively easy to detect and quantify because it affects large areas that can usually be seen at arms
length (2.40). General corrosion begins at an exposed metal surface and progressively alters the geometry of the affected
component without changing the chemical composition of the material or its microstructure. Degradation initiates with
the formation of a corrosion product layer and continues as long as at least one of the reactants is able to diffuse through
the layer and sustain the reaction. The composition and characteristics of the layer can have a significant influence on
the corrosion rate.

The most significant consequence of general corrosion of steels used to construct containment pressure boundary
components is loss of section. This type of physical damage can result in reduced load-carrying capacity and possible
containment leakage. Significant physical damage to carbon and low-alloy steel fasteners and pressure-retaining
components of the primary system has occurred at a number of PWR plants (2.41,2.42). The damage was attributed to
boric acid (H3BO3) attack. In a typical situation, as cooling water from the primary system seeped through leaky seals
or gaskets, it flashed to steam leaving behind a sludge or paste consisting of dissolved boric acid and lithium hydroxide
(LiOH). The boric acid solution, which had a pH of 3 at 93°C, caused general corrosion or wastage of carbon and low-
alloy steel components and contributed to galvanic corrosion of carbon steel components that were welded to dissimilar
metals. Although the physical damage caused by general corrosion of containment steels can be significant, this type of
corrosion is thought to have no measurable affect on the mechanical properties of these metals. Specific forms of
general corrosion that could potentially affect containment steel components are identified in Table 2.11. The table also
describes the likelihood of physical damage to containment pressure boundary components caused by each form of
general corrosion. Forms of general corrosion of most significance to containment metallic pressure-boundary
components include atmospheric, aqueous, galvanic, and stray current.

2.3.2.2.2 Localized corrosion

Localized corrosion is similar to general corrosion except the rate of attack is usually much faster and the size of the
affected area is significantly smaller. Damage caused by localized corrosion is often difficult to detect and quantify
because visible surface flaws tend to be small and often do not provide a good indication of the extent of damage that has
occurred under the surface (2.40).

The most significant consequence of localized corrosion of steels used to construct containment pressure boundary
components is loss of section caused by crevice or pit formation. This type of physical damage is more likely to result in
containment leakage than reduced load-carrying capacity. Pits and crevices caused by localized corrosion are thought to
have no measurable effect on the strength or elastic properties of containment steels, but may reduce their ductility
somewhat. Specific forms of localized corrosion that could potentially affect containment steel components are
identified in Table 2.12. The table also describes the likelihood of physical damage to containment metallic pressure
boundary components caused by each form of localized corrosion.

2.3.2.2.3 Mechanically-assisted degradation

Any type of physical damage that is caused by mechanical action is considered mechanically-assisted degradation.
Actions that involve both a corrosion mechanism and mechanical wear or fatigue also fall into this category (2.40).
Under certain conditions, mechanical wear, maintenance and repair activities, and equipment failures can cause loss of
net section, wall thinning, discontinuities, stress concentrations, and dimensional changes in component geometry. A list
of mechanically-assisted degradation mechanisms that could potentially cause physical damage to containment metallic
pressure boundary components is presented in Table 2.13.

2.3.2.2.4 Environmentally-induced cracking

Environmentally induced cracking is a type of degradation that occurs when cracks are produced in metals as a result of
exposure to an environment. Stress-corrosion cracking, hydrogen damage, liquid-metal embrittlement, and solid metal-
induced embrittlement are four forms of degradation commonly associated with environmentally-induced cracking
(2.40). In general, as the yield strength and stress applied to a metal increase, its resistance to environmentally-induced
cracking decreases.
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For steels in light-water reactor nuclear power plants, only two of these phenomena, stress-corrosion cracking and
hydrogen damage, are possible because liquid metals are not present. The likelihood of physical damage to containment
pressure boundary components caused by stress-corrosion cracking and hydrogen damage is described in Table 2.14.

2.3.2.2.5 Fatigue

Fatigue is the progressive, localized, and permanent structural change that occurs in a material subjected to repeated or
fluctuating strains at normal stresses that have maximum values less than the tensile strength of the material (2.9).
Fatigue failure is a three-step process. During the crack initiation phase, initial fatigue damage leads to crack formation.
During the crack propagation phase, the crack increases in size. Finally, when the crack reaches the critical size,
dependent on various factors including the material, temperature, and stress level, and the remaining uncracked section
can no longer sustain the load, sudden failure of the remaining cross section occurs. Enhanced fatigue performance can
be achieved by eliminating stress concentrations, avoiding the development of discontinuities, reducing residual stresses,
and protecting the component from corrosion, erosion, or chemical attack. The likelihood of physical damage to contain-
ment pressure boundary components caused by fatigue is summarized in Table 2.14.

In most cases, the factors that cause changes in concrete containment vessel liner stress and strain levels with time
(fatigue) occur only a small number of times and produce only minor changes in magnitude. The design of liners for
reinforced concrete containments therefore is generally not controlled by fatigue considerations. However, fatigue may
be considered a design issue in certain parts or areas of metal containments where thermal stress ratcheting occurs.
Combinations of steady-state and cyclic loadings that produce a ratcheting action can cause a continuing increase in
component deformation eventually leading to component failure. Guidance for performing fatigue evaluations under
these conditions is provided in Section III, Division 1 of the ASME Code (2.13).

The suitability of a component for cyclic operations can be determined in two ways — using rules presented in the
ASME Code, or conduct of cyclic load tests. In a fatigue analysis, allowable stress limits and corresponding numbers of
permitted stress cycles are evaluated using fatigue design curves presented in Section III, Division 1, Appendix 1 (2.16).
These curves reflect actual material performance because they were developed using results from uniaxial strain cycling
tests. Values obtained from these curves include an appropriate safety factor. The fatigue resistance of a material or
component can also be evaluated by cyclic load testing. The test sample should be fabricated using a material having
similar properties and composition to that of the prototype. Results of cyclic load testing, however, cannot be used as
justification for exceeding the allowable values of primary or primary plus secondary stresses provided by the fatigue
design curves contained in Appendix I.

Although design rules for fatigue of steels used to construct containment pressure boundary components are included in
the ASME Code, fatigue resulting from cyclic loads such as the ones listed in Table 2.15 is not expected to be a generic
concern for either liners of reinforced concrete containments or the shells of metal containments (2.26).

2.4. ROOT-CAUSE DETERMINATION

Component degradation generally can be related to a design feature or deficiency, improper material selection, defective
base metal, an incorrect fabrication practice or assembly technique, or an excessively severe service condition (2.43).
Factors to be considered in determining the root cause for component degradation were listed in Fig. 2.6. Under certain
conditions, degradation can be attributed to a combination of factors. For example, corrosion of the drywell shell in
some Mark I metal containments has occurred near the sand cushion (2.44). The corrosion appears as general wastage of
the carbon-steel drywell shell caused by a severe service condition in which water that leaked from a higher elevation
within the containment accumulated in the sand. This type of degradation is more likely to occur in containments where
the sand cushion is open to the gap between the drywell shell and the surrounding concrete than in containments where
the sand cushion is covered with galvanized steel plates that are sealed to the drywell shell and the surrounding concrete.
Differences in performance can be attributed to variations in the seal designs and the way in which the drainage systems
function when a leak develops. Drains connected to the galvanized steel plates remove water before it reaches the sand
cushion whereas drains located at the bottom of the sand cushion remove water after it has accumulated in the sand.

Degradation resulting from improper structural design can occur when mechanical or thermal loads are not accurately

predicted or when features such as notches or sharp corners are specified. Buckling, necking, cracking, and fracture are
examples of physical damage that can be caused by a problem related to design. Occasionally, structural modifications
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are required to eliminate potentially serious design deficiencies (2.45), but in general, degradation resulting from
improper structural design is not a common aging issue.

Material selection plays a significant role in the long-term performance of structural components, especially when they
are exposed to corrosive or severe environments. Except in situations where alternative materials are being considered
for use in repair or replacement applications, material selection is generally not considered a containment aging issue.
Ferrous metals permitted for construction of concrete and metal pressure boundary components are provided in
Section I1I of the ASME Code (2.13, 2.14). Carbon steels are excellent structural materials because they are ductile,
weldable, and relatively inexpensive. However, without adequate surface or cathodic protection, they will corrode. The
only question is at what rate.

Base-metal flaws and differences in microstructure can be introduced during the ingot stage of manufacturing or during
subsequent rolling or forming operations. Flaws are usually related to discontinuities or separations in the material
whereas differences in metallurgy are influenced by localized heat treatment that produces areas of high hardness
adjacent to areas of lower hardness. Terms commonly used to describe base-metal flaws include laminations, laps,
slivers, scabs, seams, bark, or cracks. Material specifications often include acceptance criteria and repair procedures for
flaws caused by the manufacturing process. However, some of these flaws are difficult, if not impossible, to detect
during manufacture or inspection. Differences in the microstructure of a metal can cause variations in its properties from
one location to another. These differences can be introduced by the manufacturing process, welding and heat treating
operations, or an event such as an electrical short that produces an arc. Rules for inspection and testing of materials used
in containment construction are provided in Section III of the ASME Code (2.13, 2.14). However, because all metals
contain some type of base-metal flaw, their presence in pressure boundary components can potentially be responsible for
in-service containment degradation.

Incorrect fabrication methods or faulty assembly techniques can cause structural failures or be responsible for in-service
component degradation. Because of the importance of sound fabrication and construction practices on containment
reliability and serviceability, rules for fabrication and construction of concrete and metal containments were established.
These rules are provided in Section 111 of the ASME Code (2.13, 2.14) and address issues that involve welding, bolting,
shop forming, hot or cold bending, end preparation for welding, heat treatment, and cleaning operations. Welding
operations are particularly important because they can cause both physical and material damage, but in certain instances,
weld flaws may have little or no consequences on containment performance. Bolting problems are generally related to
torquing or tensioning operations with under tensioning causing problems such as leakage and over tensioning causing
possible bolt failure. Heat treatment of containment pressure boundary components is generally not required because the
sections are relatively thin. However, when heat treatment is required, it is usually performed to relieve or reduce
residual stresses. Improper heat treatment or elimination of heat treatment when it is specified can be a serious concern
because of its potential impact on structural performance. After welding and heat treating operations are completed,
surface cleaning is often required to remove surface scale or to prepare the surface for coating. Cleaning operations may
involve pickling in acid, grinding, or shot or sand blasting. These operations are usually not detrimental unless thinning
of the component occurs or cleaning chemicals are not used properly.

Probably the most common cause for component degradation is an excessively severe service condition. When
conditions are more severe than anticipated, the design could be inadequate, the materials could be inappropriate, or
base-metal flaws could become sites for corrosion or fracture initiation. Conditions involving excessive stresses
resulting from overpressurization of the containment, mechanical loads, fatigue, shock, or impact; overheating; leakage
of corrosive fluids from the primary system or condensation; or other unanticipated environmental effects can cause
significant component degradation. Documented case histories of degradation caused by exposure to severe
environments can sometimes be used to help establish the root cause of the problem, identify other suspect locations, and
provide suggested remedies. Detailed descriptions of the affected components and the degradation phenomena are
especially valuable, particularly when illustrations or sharp color photographs of the problem areas are included (2.46).

24.1 Damage Measurement

One way to evaluate the significance of containment pressure boundary component degradation is by comparing its
preservice condition to its condition after degradation has occurred. Condition assessment accuracy depends on the
availability of quantifiable evidence such as dimensions of corroded surface areas, depths of corrosion penetration, or
changes in material properties that indicate the extent and magnitude of the degradation. Methods for quantifying
component degradation involve either nondestructive examination or destructive testing. Results from these
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investigations provide a measure of the extent of degradation at the time the component was examined. Techniques for
establishing time-dependent change, such as corrosion and wear rates, involve periodic examination or testing.
In-service monitoring provides a way to measure time-dependent changes in component geometry or material properties
and to detect undesirable changes in operating conditions that may affect useful service life. Issues related to damage
measurement are identified in Fig. 2.7. Details about specific examination procedures, test methods, and inspection
techniques are provided later in this report.

24.2 Nondestructive Examination.

Nondestructive examination (NDE) is the development and application of technical methods to examine materials or
components in ways that do not impair future usefulness and serviceability in order to detect, locate, measure, and
evaluate discontinuities, defects, and other imperfections; to assess integrity, properties, and composition; and to measure
geometrical characteristics (2.38). The objective of a nondestructive examination is to identify indications or evidence of
a discontinuity that requires interpretation to determine its significance. Discontinuities are interruptions that may be
either intentional or unintentional in the physical structure or configuration of a component (2.38). The diagram in Fig.
2.8 shows interpretations that can be made when a nondestructive examination produces an indication. A false indication
is interpreted to be caused by a discontinuity at a location where no discontinuity exists. Nonrelevant indications are
caused by a condition or discontinuity that is not rejectable. False indications are considered nonrelevant. Relevant
indications are caused by a condition or discontinuity that requires evaluation resulting in a decision to either accept or
reject the material or component. Flaws are imperfections or unintentional discontinuities that are detectable by a
nondestructive examination (2.32). A defect is a flaw, discontinuity, or group of discontinuities whose indications do not
meet specified acceptance criteria (2.38).

Rules for preoperational and in-service examination of pressure-retaining components are provided in Section XI,
Division 1, Subsection IWA of the ASME Code (2.32). These rules include standards for examination evaluation,
significant digits for limiting values of component thickness and flaw size, and characterization procedures for flaws
detected by surface or volumetric examinations. According to these standards, flaw dimensions are determined by the
size of a rectangle or square that fully contains the area of the flaw. Surface planar, subsurface planar, multiple planar,
nonplanar, parallel planar, multiple nonaligned coplanar, multiple aligned separate, and laminar flaws are addressed in
the standard.

2.4.2.1 Flaw detection

Flaw detection is one of the most important objectives of a nondestructive examination. Some of the techniques that
have been used to detect flaws include visual inspection, replication microscopy, liquid penetrant, magnetic particle,
magnetic field, eddy current, ultrasonic, radiography, X-radiography computed tomography, neutron radiography,
thermography, optical holography, speckle metrology, digital image enhancement, electric current perturbation,
magabsorption, and acoustic emission. Selection of a suitable flaw detection technique depends on the flaw’s anticipated
size, shape, orientation, and location, and whether it is expected to be a volumetric or planar flaw. Practical and effective
flaw detection often requires use of a variety of techniques that yield complementary information.

2.4.2.2 Leak detection

Leak detection is a nondestructive examination technique that can be used to detect special types of flaws such as
through-wall discontinuities or passages through which fluid flows or permeates. These flaws allow liquids or gases to
escape from pressurized (or into evacuated) components or systems intended to contain these fluids. Leak testing is
generally performed to locate a leak, determine the leakage rate, or monitor for leakage. Leakage rate is the amount of
fluid that flows through a flaw per unit of time under a prescribed set of conditions. Containment-related leakage-rate
testing was discussed earlier.

2.4.2.3 Location detection

Location detection is occasionally used to verify that an assembly actually contains the required parts. This techniqueis
particularly useful when the parts are not accessible for visual examination. In nuclear power plants, it could be
necessary to use location detection techniques to verify the presence or determine the location of liner anchors or
attachments embedded in a concrete containment. Some of the techniques that have been used for location detection
include X-radiography, X-radiography computed tomography, and neutron radiography (2.47).
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2.4.2.4 Metrology

Metrology is the measurement of dimensions. Itis a widely used nondestructive examination technique for establishing
the size and shape of objects including flaws and discontinuities. Tools for dimensional measurements include
conventional hand-held devices such as rulers, gages, and micrometers as well as coordinate measuring machines and
sophisticated systems based on laser technology. Dimensions are an important part of a condition assessment because
they provide an accurate description of the size of an affected area or the characteristics of a detected flaw. Precise flaw
dimensions are vital to fracture mechanics evaluations.

2.4.2.5 Structure or microstructure characterization.

Field replication microscopy is a nondestructive examination technique that was developed for use in characterizing the
structure or microstructure of a material while it remains in service (2.48). This technique does not involve removal of
material for laboratory examination but records and preserves the topography of a metallographic specimen as a negative
relief on a plastic film. Results from field replication microscopy can be used to accurately characterize the micro-
structure of damaged material and to help establish the root cause for the degradation. The results also may be used to
determine whether a crack resulted from creep, fatigue, or corrosion. Cracks caused by creep begin as small holes or
cavities at the grain boundaries and eventually link up to cause failure. Fatigue cracks are generally singular defects that
extend across many grain boundaries. Intergranular cracking tends to follow the grain boundaries. Transgranular cracks
such as those caused by stress corrosion extend across grain boundaries forming an interconnected random pattern.

2.4.2.6 Estimation of mechanical and physical properties

Material properties potentially can be estimated using results from nondestructive examination techniques provided the
results are influenced by material microstructure (2.47). Eddy current, ultrasonic, X-radiography and neutron
radiography, computed tomography, thermography, and acoustic microscopy techniques are likely candidates because
the results can be related to mechanical or physical properties. However, these techniques are more suited for locating
areas where the microstructure is different by comparison.

2.4.2.7 Stress-strain and dynamic response determination

The response of a component to a specific set of loading conditions can be determined using sensing techniques such as
photoelastic coatings, brittle coatings, and strain gages or displacement transducers. Resulting strain or displacement
values combined with known applied stresses can be used to establish the stress-strain characteristics of the material.
Strain sensing and displacement measuring techniques also can be used to characterize the dynamic response of a
component subjected to shock, impact, or vibration.

Residual stresses in metallic materials can be determined using nondestructive and “semi-destructive” examination
techniques. Near-surface residual stresses can be measured using nondestructive examination techniques that involve
either X-radiography diffraction or electromagnetic methods (2.47). Residual stresses just below the surface can be
measured using the hole-drilling strain gage technique (2.49). This technique is often described as “semi-destructive”
because the damage that it causes is very localized and in many cases does not significantly affect the usefulness of the
component.

2.4.2.8 Signature analysis

The dynamic response of a component is called a signature. Accelerometers, acoustic and displacement transducers, and
strain gages can be used to establish the signature of a component produced by a specified set of loading conditions.
Analysis of the signature can be correlated with machine noise, shock, vibrations, or structural instability such as
buckling or cracking. Time-dependent signature differences may indicate that the component’s geometry has changed as
a result of cracking, fracture, or buckling or that its mass has changed due to corrosion or erosion. Changes in elastic
properties can also affect the signature because the structural stiffness of a component is a function of the modulus of
elasticity of the material.
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2.4.2.9 Chemical composition determination

The chemical composition of a metal can be determined using a sample of the metal obtained during the pouring of the
heat (heat analysis) or a sample of the finished product (product analysis). Chemical requirements for heat and product
analyses are provided in the material specification.

2.4.2.10 Corrosion characterization

Damage caused by general and localized corrosion can often be detected using the same nondestructive examination
techniques that are used to detect flaws. However, the amount of corrosion that has occurred can be difficult to
characterize or quantify depending on the specific type of corrosion involved. The types of general and localized
corrosion that can potentially affect containment pressure boundary components were identified and described in
Tables 2.11 and 2.12.

2.4.2.10.1 General corrosion

General corrosion, which is one of the most common forms of corrosion, is characterized by uniform thinning.
Thickness variations caused by general corrosion and the size of the affected area can generally be measured by
metrology. However, when access is limited, other techniques such as ultrasonics may be required (2.50). The rate at
which general corrosion attacks metal is often expressed in units of length per unit of time such as millimeters per year
(mm/y), but a variety of other units may also be used. Equations for determining average corrosion rates from test
specimen data have been developed (2.51). These equations factor in exposure time, surface area, material density, and
mass loss of the specimen. However, corrosion rates calculated from mass loss can be misleading especially when
deterioration is highly localized, as in pitting or crevice corrosion.

A means for quantifying the amount of rust present on a painted steel surface also has been developed (2.52). This test
method covers the evaluation of the degree of rusting using visual standards and descriptions of 11 rust grades. In this
method, Rust Grade 10 corresponds to no rust or less than 0.01 percent of surface rusted, Rust Grade 4 corresponds to
rusting to the extent of 10 percent of surface rusted, and Rust Grade 0 corresponds to approximately 100 percent of
surface rusted.

2.4.2.10.2 Pitting corrosion

Pitting corrosion is localized corrosion of a metal surface, confined to a point or small area, that takes the form of
cavities. The extent of pitting corrosion can be determined while the affected component remains in service or in a
laboratory using representative samples of the pitted metal. Pits may be round, elongated, or irregularly shaped and have
cross-sectional variations (i.e., narrow and deep, elliptical, wide and shallow, subsurface, undercutting, horizontal, and
vertical).

Whenever possible, visual inspection is performed to establish the location and density of pits and to identify affected
areas. Nondestructive examinations based on radiographic, electromagnetic, ultrasonic, and penetrant techniques can
also be used to detect pitting and to establish pit shapes and densities, but these techniques may not be as effective as
visual inspections combined with metallographic examinations that use representative portions of the affected metal.
Results from metallographic examinations can be particularly important because they can be used to determine whether
there is a relationship between pits and inclusions or microstructure, or whether the cavities are true pits or might have
resulted from effects such as metal dropout caused by intergranular corrosion or dealloying. The extent of pitting is not
usually related to mass loss unless general corrosion is slight and pitting is fairly severe. Under these conditions, mass
loss data can be valuable, particularly in a laboratory investigation. Pit depth can be determined by metallographic
examination of a pitted region of metal removed from the affected component, or by machining operations that gradually
remove layers of metal exposing the pitted cross section. Nondestructive examination techniques involving metrology
and microscopy also can be effective in determining pit depth, as long as the base or bottom of the pit can be established.
Pitting can be described or quantified in terms of density, size, and depth using standard rating charts (2.53); as well as
by depth measurements, statistical methods, and changes in mechanical properties. The ratings offer an effective means
for reporting data for comparison with other test results, but measurements required to establish the ratings are time
consuming and tedious to obtain. Depth measurements of the deepest pits are particularly important when the affected
component is part of the containment pressure boundary because a through-thickness hole could lead to loss of leak-tight
integrity.
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2.4.2.10.3 Crevice corrosion

Crevice corrosion is localized corrosion of a metal surface at, or immediately adjacent to, an area that is shielded from
full exposure to the environment because of close proximity between the metal and the surface of another material.
Visual detection of crevice corrosion can be difficult or impossible because locations where it occurs are often
inaccessible. Crevices generally can be classified either as naturally occurring or man made. Some naturally occurring
sources of cervices are biofouling, sediment, debris, and deposits. Man-made crevices are created during manufacturing,
fabrication, assembly or service. The geometry of a crevice can be described by the dimensions of the crevice gap and
crevice depth (2.54).

2.4.3  Destructive Testing.

Tests that alter the shape, form, size, or structure of the material being tested are considered destructive tests (2.55).
These tests may be performed to determine mechanical, physical, chemical, thermal, or other properties of the material,
or to examine the material for microstructural imperfections, voids, or inclusions. Destructive tests commonly used to
determine mechanical properties of metallic materials involve tension, compression, ductility, shear, torsion, bend, creep,
stress-relaxation, hardness, fatigue, or fracture testing. Test methods that require the removal and testing of
representative portions of material from a component are also considered destructive tests when the affected component
is rendered useless or unfit for future service.

2.4.3.1 Tension testing

Tension testing involves the gradual application of increasing uniaxial elongation to a test specimen until failure occurs
(2.56). Measurements obtained during tension testing can be used to develop stress-strain curves and to establish
mechanical property values such as the modulus of elasticity, ultimate tensile elongation, ultimate tensile strength, yield
strength, yield point, and reduction of area.

Property values obtained from tension testing are generally used to determine conformance or nonconformance with
material specifications. However, test results can also be used to compare the performance and properties of replicate
specimens tested under a variety of exposure conditions or using different testing methods. Replicate specimen results
can provide a basis for establishing limits on environmental exposure, working stresses, or operating temperatures.

2.4.3.2 Hardness Testing

Hardness testing is widely used for determining the relative quality of a metallic component and to establish the
uniformity of its material properties. It is relatively easy to perform, requires very little material or surface preparation,
and usually causes minimal surface damage to the material or component. Testing usually involves an indention
hardness tester that uses small diamond points or hardened round steel balls to produce permanent indentations or
deformations in the surface of the material being tested. Because a hardness test does not measure a well-defined
property, caution should be exercised when hardness indications or numbers obtained using one test method are
converted to those obtained using another (2.57) or when hardness test results are used to approximate material property
values such as tensile strength (2.55). Numerous hardness test methods have been developed, but the Brinell and the
Rockwell hardness tests are commonly used (2.55).

2.4.3.3 Metallography

Metallography is the branch of science that relates to the constitution and structure, and their relation to the properties of
metals and alloys (2.58). Metallographic testing begins with the selection of material for examination. After selection
and removal, the sample is firmly mounted for grinding and polishing (2.59). The polished surface is then examined
visually using a microscope to reveal imperfections such as cracks, voids, or entrapped nonmetallics. This is followed
by treatment with an etchant, such as a two-percent solution of nitric acid in alcohol, and reexamination. A photograph
of the polished surface showing the observed microstructure is usually prepared to serve as a record of the examination.
Metallography is probably the most useful destructive testing method available for identifying differences in material
microstructure caused by exposure to high temperatures or severe environments.
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2.4.4 In-Service Monitoring.

In-service monitoring involves periodic examination of a containment pressure boundary component while it remains in
service. This type of examination is different from the preservice inspection that is conducted before a containment is
placed into service and the in-service inspections that are performed on a regular basis over the operating life of the
plant. In-service monitoring generally involves repeated examination of a flawed component or suspect area using one
or more nondestructive examination techniques. Data collection can be performed on a case-by-case basis at irregular
intervals, or at prescribed times using a computer-controlled data acquisition system. Results obtained from individual
in-service examinations can be used to determine the status of a degraded component and to accurately assess its current
condition. Time-dependent results can be used to establish instantaneous or average degradation rates for use in
estimating remaining service life. As an aging-management tool, results obtained from in-service monitoring can be
used to guide the selection of appropriate examination techniques, specify testing methods, and establish the frequency
of subsequent inspections. One of the most important potential benefits from in-service monitoring is the detection of
undesirable changes in the operating conditions that can adversely affect the performance and useful life of containment
pressure boundary components. Selection of nondestructive examination techniques for in-service monitoring requires
an understanding of the capabilities and limitations of the various examination options, the types of data that are needed,
the frequency and accuracy with which the data are to be collected, and the configuration of the component being
monitored.

2.5 COMMENTARY

In-service condition assessments play an important part in the aging management of nuclear power plants by providing
vital information for continued service evaluations and service life estimations. Knowledge gained from condition
assessments can serve as a baseline for evaluating the safety significance of any damage that may be present and defining
in-service inspection programs and maintenance strategies. Condition assessment results can also be used in estimating
future performance and remaining service life.

Condition assessments involve detecting damage in areas that are potentially vulnerable to in-service deterioration or
attack, classifying the types of damage that may be present, determining the root cause of the problem, and quantifying
the extent of degradation that may have occurred. Degradation is considered to be any phenomenon that decreases the
load-carrying capacity of a pressure-retaining component, limits its ability to contain a fluid medium, or reduces its
service life. The four elements of an in-service condition assessment include:

Damage Detection - Damage detection is the first and most important step in the condition assessment process.
Routine observation, general visual inspections, leakage rate testing, and nondestructive examinations are
techniques frequently used to identify areas of the containment that have experienced degradation. However,
damage such as wall thinning caused by corrosion can occur in inaccessible locations making detection difficult
or impossible. Knowing where to inspect and what type of damage to anticipate often requires information
about the design features of the containment and the materials used to construct its pressure-retaining
components.

Damage Classification - Damage occurs when the microstructure of a material is modified by exposure to a
severe environment or when the geometry of a component is altered. Determining whether material or physical
damage has occurred often requires information about the service conditions to which the component was
exposed and an understanding of the degradation mechanisms that could cause such damage.

Root-Cause Determination - The root cause for component degradation can generally be linked to a design or
construction problem, inappropriate material application, a base-metal flaw, or an excessively severe service
condition. Determining what caused the degradation can help in identifying the type of damage that has
occurred and defining appropriate actions to be taken to reduce or eliminate further deterioration.

Damage Measurement - One way to evaluate the significance of containment pressure boundary component
degradation on structural capacity and leaktight integrity is by comparing its preservice condition to its
condition after degradation has occurred. Condition assessment accuracy depends on the availability of
quantifiable evidence such as dimensions of corroded surface areas, depths of corrosion penetration, or changes
in material properties that indicate the extent and magnitude of the degradation. Methods for quantifying
component degradation involve either nondestructive examination or destructive testing. Results from these
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investigations provide a measure of the extent of degradation at the time the component was examined.
Techniques for establishing time-dependent change such as corrosion and wear rates involve periodic
examination or testing. In-service monitoring provides a way to measure time-dependent changes in component
geometry or material properties and to detect undesirable changes in operating conditions that could affect
useful service life.

Current requirements for in-service condition assessments and continued service evaluations of metal and concrete
containment structures and components in nuclear power plants are provided in 10 CFR 50, Appendix J (2.60,2.61).
According to these regulations, a general inspection of accessible containment surfaces must be performed prior to each
Type A leakage rate test and at two other refueling outages before the next Type A test, if the interval for the Type A test
has been extended to 10 years (2.62), to uncover any evidence of structural deterioration that may affect either the
containment structural integrity or leaktightness. When evidence of degradation is detected, corrective actions involving
either repair, nondestructive examination, or testing must be taken before the containment can be returned to service.
Safety-related structures in NPPs present special challenges for development of acceptance criteria because of their
massive size, limited accessibility in certain areas, stochastic nature of past and future loads, randomness in strength,
uncertainty in material changes due to aging and possibly degradation, and qualitative nature of many nondestructive
evaluation techniques.

More detailed inspection requirements, acceptance standards, and evaluation criteria for use in determining the
acceptability of degraded components for continued service are provided in Section X1, Division 1, Subsection IWE of
the Code (2.63,2.64). According to these. rules, components that are not damaged can be considered acceptable for
continued service, but damaged components must be evaluated. Evaluations are performed to determine whether the
damage is significant enough to adversely affect structural capacity, leaktight integrity, or remaining service life.
Components without significant damage are allowed to remain in service, but components with significant damage must
be evaluated further to determine whether repairs, replacements, or retrofits are needed.
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Fig. 2.1 Continued service evaluation process for containment pressure boundary components.

Typical Material Code (06AA001) for a Low-Alloy Carbon Steel Plate Material
Permitted for use in Construction of Containment Pressure Boundary Components

0O1e| (Al |A] |O[O(1
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(A-Z) (A-Z) (001-999)

Fig. 2.2 Material code arrangement for containment steels.
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Figure 2.3 Major topics pertaining to in-service condition assessments.
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Figure 2.4 Damage detection parameters.
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Figure 2.5 Damage categories and potential degradation mechanisms.
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Figure 2.6 Factors to be considered in determining root cause for component degradation.
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Figure 2.7 Issues related to the measurement of containment pressure boundary component damage.
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Figure 2.8 Possible interpretations when a nondestructive examination produces an indication (2.37).
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Table 2.1 Class indexes for containment steels.

Class Index

Mo Qw >

Characteristic Feature

Hot- or cold-rolled plates, shapes, bars, sheets, and strips
Forgings and castings

Pipes, tubes, and, fittings

Bolting materials

Special materials

Table 2.2 Material property code ranges and descriptions.

Property Code Ranges Property Code Range Description
1000-1999 General Information
2000-2999 Reserved for use with Concrete
3000-3999 Mechanical Properties
4000-4999 Thermal, Physical, and Other Properties
5000-9999 Available for Data Base Expansion
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Table 2.3 (a) Property codes for mechanical property values of containment steels.

Property Units Property Description
Code Metric | Customary
3100-3199 Static Mechanical Properties of
Metallic Materials
3100-3109 Modulus of Elasticity
3101 GPa ksi Young's Modulus of Elasticity
3102 GPa ksi Strain-Hardening Modulus
3103 GPa ksi Shear Modulus
3110-3119 Poisson's Ratio
3111 - - Poisson's Ratio
3120-3129 Ultimate Strength
3121 MPa ksi Ultimate Tensile Strength
3122 MPa ksi Breaking Tensile Strength
3123 MPa ksi Ultimate Compressive Strength
3130-3139 Yield Strength
3131 MPa ksi Tensile Yield Point
3132 MPa ksi Tensile Yield Strength
3133 MPa ksi Compressive Yield Point
3134 MPa ksi Compressive Yield Strength
3140-3149 Shear Strength
3141 MPa ksi Shear Yield Strength
3142 MPa ksi Ultimate Shear Strength
3150-3159 Elongation
3151 % % Tensile Elongation
in 51 mm (2 in.)
3152 % % Tensile Elongation
in 203 mm (8 in.)
3153 - - Bending Test Elongation
(diameter/thickness ratio)
3154 - - Bending Test Elongation
(pin dia. = value * bar dia.)
3155 % % Tensile Elongation
in 250 mm (10 in.)

Table 2.3 (b) Property codes for mechanical property graphs and plots for containment steels.

Property Units Property Description
Code Metric | Customary pery P
3700-3799 Plots and Graphs of Mechanical
Properties for Metallic Materials
3700-3709 Stress-Strain Diagram
3701 MPa ksi Engineering Stress-Strain Diagram
(Ambient Conditions)
3702 MPa ksi Engineering Stress-Strain Diagram
(Temperature Dependent)
3703 MPa ksi True Stress-Strain Diagram
(Ambient Conditions)
3710-3719 Strength
vs Temperature
3711 MPa ksi Tensile Yield Strength
vs Temperature
3712 MPa ksi Ultimate Tensile Strength
vs Temperature
3713 - - Tensile Yield Strength Ratio
vs Temperature
3714 - - Ultimate Tensile Strength Ratio
vs Temperature
3720-3729
Elongation
3721 % % vs Temperature
Ultimate Tensile Elongation
3722 - - vs Temperature
Ultimate Tensile Elongation Ratio
vs Temperature
3730-3739
3731 MPa ksi Fatigue
S-N Diagram
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Table 2.4 General information property codes.

Property Code Description Types of Data and Information

1010 Descriptive Information Introductory and background comments
including material specification designa-
tions, specification exceptions, and UNS
designations (if available)

1110 Material Characteristics Material applications, fabrication practices,
available product forms, notes, and
comments

1210 Material Composition Chemical requirements contained in
material specifications, notes, and
comments

1220 Processing Information Manufacturing, heat treatment, quality,
marking, weight, supplementary, and other
requirements contained in the material

specification
1230 Welding Information Weldability and welding procedures
1310 Baseline Information Room-temperature reference mechanical,

thermal, physical, and other property
values, notes, and comments

1320 Dimensional Standards Dimensional standards contained in
material specifications

Table 2.5 Steels used to construct metal and concrete containment pressure boundary components.

ASME SA-285
ASME SA-333
ASME SA-442
ASME SA-516
ASME SA-537
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Table 2.6 Factors associated with pressure-retaining steel component degradation.

Factor

Description

Pressure-Retaining
Steel Components

Damage Characteristics

Damage Indicators

Potential Problem Areas

Damage Detection

Mitigation Procedures

Potential Failure Modes

Degradation can adversely affect the structural capacity or leak-tight integrity
of metal containment shells, concrete containment liners, penetration liners,
heads, nozzles, structural and non-structural attachments, embedment anchors,
pipes, tubes, fittings, fasteners, and bolting items that are used to join other
pressure-retaining components.

Damage could involve loss of net section or wall thinning, cracks, pits,
crevices, erosion, cavitation, surface flaws, arc strikes, plastic deformation,
buckling, fracture, or bulging.

Rust, discoloration, staining, blistering and peeling of coatings, spalling of
concrete, buckling or separation of liners, leakage from drains, and clogged
drains.

Locations where degradation could be suspect include areas of water
accumulation; surfaces exposed to chemical or borated water spills; flashed,
caulked, or sealed joints; dissimilar metal connections; penetrations;
condensation and leakage paths; sand pockets or cushions; heat trace areas;
and locations with stray electrical currents.

Damage detection techniques include leakage-rate testing, visual inspection,
destructive testing, and nondestructive examination.

Effects of degradation can potentially be mitigated by eliminating leaks;
repairing or replacing defective components; removing and replacing cracked
or torn seals, gaskets, and caulked joints; opening clogged drains; providing
additional drains; repairing or replacing damaged coatings; providing
improved spill response; and installing cathodic protection systems.

Degradation can cause cracking, fracture, instability, distortion, or excessive
displacement that could result in loss of leaktight integrity, decreased load-
carrying capacity, or reduced service life.

Source: Ref. 2.24
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Table 2.7 Elements of in-service condition assessments for metal and concrete

containment pressure boundary components.

Element
Designation

Element
Definition

Damage Detection

Damage Classification

Root-Cause Determination

Damage Measurement

Containment pressure boundary components that have experienced in-service
degradation are generally detected by routine visual examination, in-service
inspection, leakage-rate testing, or other nondestructive examination
techniques. Knowledge about component design and in-service performance
can be useful in identifying components that are susceptible to degradation.
Information from past service failures can also provide valuable guidance on
the types of damage to expect.

Degradation can be classified as either material or physical damage. Material
damage occurs when the microstructure of a metal is modified causing its
properties to change. Physical damage occurs when the geometry of a
component is altered due to formation of cracks, fissures, or voids, or its
dimensions change due to fracture, buckling, corrosion, oxidation, erosion, or
other surface damage.

Degradation of containment pressure boundary components can generally be
related to a design deficiency, improper material selection, defective base
metal, an incorrect construction practice, or excessively severe service
conditions. Determining the root cause of the degradation can be helpful in
classifying the type of damage that has occurred and defining actions to be
taken to reduce or eliminate further deterioration. Normal operations,
maintenance procedures, and repair activities can cause physical damage
including general and localized corrosion, mechanically assisted degradation,
and environmentally-induced cracking that can adversely affect the ability of
containment pressure boundary components to perform satisfactorily during
an accident. Time-dependent change can occur as a result of metallurgically-
induced corrosion, fatigue, neutron irradiation, hydrogen embrittlement, and
extreme-temperature exposure.

The degree of degradation can be measured by destructive testing of material
samples or by nondestructive examinations. In-service monitoring can also be
used to measure the rate of degradation and to detect changes in operating
conditions that can adversely affect structural capacity or leak-tight integrity.
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Table 2.8 Accessible containment surface areas and pressure-retaining weld
that require visual examination.

. Structures that are parts of reinforcing structure, such as stiffening rings, manhole frames,
and reinforcement around openings

. Wetted surfaces of submerged areas (required to satisfy minimum surface area inspection
requirements)

. Portions of insulated surface areas (required to satisfy minimum surface area inspection
requirements)

. Flow channeling devices within containment vessels

. Attachment welds between structural attachments and the pressure-retaining boundary or

reinforcing structure
. Containment penetration welds subject to cyclic loads and thermal stress during normal plant
operation
- Longitudinal welds
- Circumferential welds
- Flued head and bellows seal circumferential welds joined to the penetration
. Flange welds
. Nozzle-to-shell welds

Source: Refs. 2.6 and 2.24
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Table 2.9 Containment surface areas that could experience accelerated degradation and aging.

Environmental or Operating
Conditions

Typical Areas

Likely Locations

Areas subject to accelerated
corrosion with no or minimal
corrosion allowance

or

Areas where the absence or
repeated loss of protective
coatings has resulted in
substantial corrosion or pitting

Areas exposed to standing water
Areas exposed to repeated wetting
and drying

Areas where persistent leakage has
occurred

Areas subject to microbiological
attack

Areas with geometries that permit
water accumulation

Penetration sleeves and bellows
Surfaces wetted during refueling
Concrete-to-steel shell or liner
interface

Shell regions embedded in concrete
including areas shielded by
diaphragm floors

Leak-chase channels

Drain areas including sand pocket
regions

Sump liners

Interior surfaces of BWR Mark I
and II suppression pools

Exterior surfaces of BWR Mark 1
and II drywells

Emergency core cooling system
suction intake at the bottom of BWR
suppression pool

Dissimilar metal welds

Areas subject to excessive wear
from abrasion or erosion

Areas where mechanical wear,
abrasion, or erosion cause a loss of
protective coatings, deformations, or
material loss

Areas that experience frequent
vibration

Surfaces subject to substantial
traffic

Sliding pads or supports (baseplates
of BWR Mark I suppression
chamber support columns)

Pins or clevises

Shear lugs

Seismic restraints

Surfaces exposed to water jets from
testing operations

Safety relief valve discharge areas
BWR drywell head, vent system
supports, and downcomers and
bracing

Personnel airlocks, equipment
hatches, and control rod drive
(CRD) hatches

Source: Refs. 2.6, 2.33-3.35, and 2.36
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Table 2.10 Degradation mechanisms that can potentially cause material damage

to containment steels.

Degradation
Mechanism

Likelihood of Causing
Material Damage to Containment Steels

Low-Temperature
Exposure

High-Temperature
Exposure

Intergranular
Corrosion

Dealloying
Corrosion

Hydrogen
Embrittlement

Neutron
Irradiation

Effects of low-temperatures on the properties of containment steels are not considered
to be a significant containment issue because low-temperature exposure and fracture
toughness are addressed during containment design and because exposure to
temperatures low enough to cause brittle fracture is not expected.

Temperature-dependent property values for containment steels are provided in

Section II, Part D of the Code (2.15). Material damage to containment steels due to
high-temperature exposure is not expected because temperatures high enough to affect
mechanical properties are not likely to occur except in the unlikely event of a severe
accident.

Intergranular corrosion is a metallurgically-influenced corrosion process that takes place
when the corrosion rate of the grain-boundary areas of an alloy exceeds that of the grain
interiors. Metals that experience intergranular corrosion exhibit time-dependent weight
loss that can accelerate with time. Intergranular corrosion of austenitic and ferritic
stainless steels and nickel-based alloys used to make containment pressure boundary
components is not considered likely. These materials are normally not exposed to
solutions such as ferric sulfate, cupric sulfate, and acids that are required to cause this type
of degradation.

Dealloying is a metallurgically influenced corrosion process in which one constituent of
an alloy is preferentially removed leaving behind an altered residual structure that is less
tolerant to flaws and applied loads (2.40). Material damage to containment steels due to
dealloying corrosion is not considered likely because containment steels are not exposed
to molten salts, and because oxidizing atmospheres and sufficient hydrogen gas are not
generally present inside BWR and PWR containment vessels.

Hydrogen influences the behavior and properties of nearly all ferrous alloys, particularly
steels in which the yield strength is close to the ultimate strength. During normal plant
operations, hydrogen embrittlement of containment steels is not expected to be a serious
problem because sufficient hydrogen gas is not generally present inside BWR and PWR
containment vessels.

Metals exposed to neutron irradiation can be damaged when neutrons displace metal
atoms from their normal lattice positions to form interstitials and vacancies. Irradiation
damage to containment steels is not very likely because biological shielding effectively
limits exposure of the materials to levels that are considered safe for occupational workers,
and end-of-life fluence of containment components is anticipated to be quite small (2.27).
Even in the unlikely event of a severe accident, irradiation damage to containment steel
components is not expected to be significant.
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Table 2.11 Types of general corrosion that can potentially cause physical damage

to containment pressure boundary components.

Type of
General Corrosion

Likelihood of Causing Physical Damage
to Containment Pressure Boundary Components

Atmospheric
Corrosion

Aqueous
Corrosion

Galvanic
Corrosion

Atmospheric corrosion is the gradual degradation or alteration of a material by
contact with substances such as oxygen, carbon dioxide, water vapor, and sulfur and
chlorine compounds that are present in the atmosphere (2.40). In buildings,
corrosion of uncoated structural steel elements often occurs when warm, moist air
from inside the building permeates through the walls and ceilings and condenses on
the surfaces of colder steel beams, columns, and fasteners. In nuclear power plants,
atmospheric corrosion can be suspected whenever uncoated carbon and low-alloy
steel components are exposed to air with a relative humidity that exceeds about

70 percent.

Corrosion of metals in aqueous environments occurs when two or more
electrochemical reactions take place on the surface causing the metal or alloy to
change from a metallic state to a nonmetallic state (2.40). A common example of
this phenomenon is rusting in which metal (iron) is converted to a nonmetallic
corrosion product (rust). Aqueous corrosion of the external surface of a BWR

Mark I metal containment shell in the sand-cushion region of the drywell has
occurred due to water that leaked from the refueling pool (2.26). Physical damage to
carbon and low-alloy steel fasteners and pressure-retaining components of the pri-
mary system has also occurred at a number of PWR plants due to boric acid
(H3BO3) attack (2.41,2.42). Similar types of physical damage caused by aqueous
corrosion is possible whenever carbon and low-alloy steel components are in contact
with pure, treated, contaminated, or seawater.

Galvanic corrosion is accelerated degradation that occurs when a metal or alloy is
electrically coupled to a more noble metal in the same electrolyte (2.40). The three
requirements for galvanic corrosion are (1) materials possessing different surface
potentials, (2) a common electrolyte, and (3) a common electrical path. Galvanic
corrosion has been known to occur in dissimilar-metal, butt-welded piping systems
that carry an electrolytic solution. The most severe corrosion occurs adjacent to the
weld on the anodic member. Destruction of weld metal in carbon steel piping
systems has also occurred because the welds were anodic to the base metal (2.40).
Physical damage to welds and base metal in nuclear power plants caused by galvanic
corrosion can occur in locations where dissimilar metals are in contact and an
electrolytic solution is present.
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Table 2.11 (Cont’d) Types of general corrosion that can potentially cause physical damage

to containment pressure boundary components.

Type of
General Corrosion

Likelihood of Causing Physical Damage
to Containment Pressure Boundary Components

Stray-Current
Corrosion

General Biological
Corrosion

Molten-Salt
Corrosion

Liquid-Metal
Corrosion

High-Temperature
Corrosion

Stray-current corrosion is degradation resulting from direct current flow through paths
other than the intended circuit (2.40). There are many sources of stray electrical current,
but cathodic protection systems, high voltage direct current systems, and direct current
welding operations are potentially the most significant for nuclear power plant structures
(2.29). Damage caused by alternating current is less than that caused by direct current and
decreases in severity as the frequency increases.

General biological corrosion, or microbiological-induced corrosion (MIC) as it is
sometimes called, is deterioration of metal as a result of the metabolic activity of
microorganisms (3.39). A continuous film of bacteria, algae, or slime can contribute to
general biological corrosion, but the formation of a continuous film over a large area is
rare. Consequently, biological corrosion is usually localized because microorganisms tend
to settle in discrete colonies rather than uniformly over the surface of a material.

Molten-salt corrosion is the oxidation of metals in contact with molten salts (2.40).
Degradation of containment pressure boundary components by molten-salt corrosion is not
considered likely because light-water reactors are cooled with water not molten fluorides,
nitrates, sulfates, or chloride salts.

Liquid-metal corrosion is the deterioration of materials in contact with liquid metals such
as sodium, potassium, and lithium (2.40). Degradation of containment pressure boundary
components by liquid-metal corrosion is not considered likely because light-water reactors
are cooled with water not liquid metals like reactors for fast breeder, fusion, and space
nuclear power applications.

High-temperature corrosion occurs when metal is exposed to an oxidizing gas at
elevated temperature causing the metal to react directly with the gas without the
presence of a liquid electrolyte (2.40). Because temperatures in excess of those
associated with containment operations are required to cause high-temperature
corrosion, degradation of containment pressure boundary component by this
mechanism is not considered likely.
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Table 2.12 Types of localized corrosion that can potentially cause physical damage

to containment pressure boundary components.

Type of Localized
Corrosion

Likelihood of Causing Physical Damage
to Containment Pressure Boundary Components

Filiform
Corrosion

Crevice
Corrosion

Pitting
Corrosion

Localized Biological
Corrosion

Filiform corrosion occurs under thin organic coatings in the form of randomly distributed
threadlike filaments that appear as worm-like blemishes (2.40). The source of initiation is
usually a cut, nick, pore, scratch, or disruption in the coating. Because filiform corrosion
produces very localized distress on metal surfaces, its effects on containment integrity is
not expected to be significant. However, coating damage may become a maintenance
concern.

Crevice corrosion is localized attack of a metal surface adjacent to an area that is shielded
from full exposure to the environment because of close proximity between the metal and
the surface of another material (2.40). Narrow openings or spaces between metal-to-metal
or nonmetal-to-metal components, cracks, seams, or other surface flaws can serve as sites
for corrosion initiation. Stainless steels are more prone to crevice corrosion than carbon
steels particularly in the presence of chloride solutions, but containment pressure boundary
components made from all types of steels can experience this type of localized damage
when exposed to aqueous environments.

Pitting corrosion is degradation of a metal surface confined to a point or small area that
takes the form of cavities (2.40). Pitting is one of the most common types of localized
corrosion encountered in aqueous environments. The propagation of pits is thought to
involve the dissolution of metal and the maintenance of a high degree of acidity at the
bottom of the pit by the hydrolysis of the dissolved metal ions making the rate at which
pitting corrosion progresses very unpredictable. Pitting corrosion of containment pressure
boundary components made from all types of steels is possible whenever they are exposed
to aqueous environments.

Localized biological corrosion, like general biological corrosion, is deterioration of metal
as a result of the metabolic activity of microorganisms (2.40). Because microorganisms
tend to settle in discrete colonies rather than uniformly over the surface of a material, most
biologically induced corrosion tends to be localized. Localized damage to carbon, low-
alloy, and even stainless steel components caused by biological corrosion is possible when
environmental conditions are favorable for microorganisms.
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Table 2.13 Mechanically-assisted degradation that can potentially cause
physical damage to containment pressure boundary components.

Type of
Mechanically- Likelihood of Causing Physical Damage
Assisted to Containment Pressure Boundary Components
Degradation

Erosion Erosion is the destruction and removal of a material by the abrasive action of moving
fluids. Material loss can be accelerated by the presence of solid particles or matter in
suspension. Except in the torus region of BWR Mark I metal containments, moving
water is not usually present inside containment vessels. Therefore, erosion of pressure-
retaining components is not expected to be a generic concern (2.26).

Fretting Fretting is wear that occurs between tight-fitting surfaces subjected to cyclic motion of
extremely small amplitude. Steels used to construct containment pressure boundary
components are not routinely subjected to wear caused by fretting because these
components generally remain static.

Cavitation Cavitation is loss of material caused by a liquid that experiences rapid and intense
pressure changes. This action is generally associated with pumps and piping systems
and is therefore not considered to be a significant containment degradation mechanism.

Corrosion Corrosion fatigue is the process in which a metal fractures prematurely under

Fatigue conditions of simultaneous corrosion and repeated cyclic loading at lower stress levels
or fewer cycles than would be required in the absence of the corrosive environment
(2.40). Corrosion fatigue of pressure-retaining components is not expected to be a
generic concern (2.26).

Surface Surface flaws such as notches, cracks, gouges, grooves, dents, and tool marks can be

Flaws created during routine operations, in-service maintenance, repair activities, or equipment
failures that generate missiles or pipe whips. Stress concentrations caused by these types
of flaws located in critical regions of the containment, can affect performance by
contributing to premature structural failure at loads well below those permitted in design
or loss of leak-tight integrity. Surface flaws located in aqueous environments can also
serve as initiation sites for filiform and crevice corrosion.

Arc Strikes Arc strikes are another type of surface flaw that can cause loss of ductility in mild and
low-alloy steels, hardening of higher carbon and alloy steels, or localized cracking in
higher strength, hardenable grades of steel (2.43). Arc strikes represent any localized
heat-affected zone or change in the surface contour of the finished weld or base metal
caused by an arc produced by the passage of electrical current from welding electrodes,
magnetic particle inspection electrodes, electrical shorts, or other sources.

Overload Equipment failures, excessive piping loads, and movements caused by thermal expansion

Conditions or contraction due to extreme-temperature exposure are examples of over-load conditions
that can permanently deform, bulge, stretch, bend, buckle, or neck pressure-retaining
components. These changes in component geometry can be attributed to plastic
deformation of the metal or brittle fracture of the component. The damage caused by
overload conditions can have a detrimental effect on containment structural capacity and
leak-tight integrity and adversely affect its ability to perform its intended function.
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Table 2.14 Environmentally-induced and fatigue degradation mechanisms that potentially can cause

cracking of containment metallic pressure boundary components.

Degradation
Mechanism

Likelihood of Causing Physical Damage
to Containment Pressure Boundary Components

Stress-Corrosion
Cracking

Hydrogen Damage

Fatigue

Stress-corrosion cracking is a material degradation process that requires the simultaneous
action of a corrodent and sustained tensile stress to initiate and propagate cracks in metals
and alloys. Carbon, low-alloy, and stainless steels exposed to various aqueous
environments are susceptible to stress-corrosion cracking. Aqueous solutions that may be
present at nuclear power plants and could contribute to stress-corrosion cracking include
ground water containing chlorides and sulfates, borated water in PWRs, sodium
pentaborate in BWRs, and certain types of decontamination fluids (2.26).

Hydrogen damage most often results from the combined action of hydrogen and
residual or applied tensile stress (2.40). It manifests itself in many ways, such as
cracking, blistering, hydride formation, and loss of tensile ductility. Physical damage
to pressure-retaining steels by hydrogen is not expected to be a serious problem
because neither hydrogen at high pressures nor hydrogen at high temperatures are
found inside the containment vessel.

Fatigue is the progressive, localized, and permanent structural change that occurs in a
material subjected to repeated or fluctuating strains at normal stresses that have
maximum values less than the tensile strength of the material (2.9). Guidance for
performing fatigue evaluations is provided in Section III, Division 1 of the ASME
Code (2.13). Although design rules for fatigue of steels used to construct containment
pressure boundary components are included in the ASME Code, fatigue resulting from
cyclic loads such as the ones listed in Table 2.15 is not expected to be a generic
concern for either liners of reinforced concrete containments or the shells of metal
containments (2.26).

Table 2.15 Possible cyclic loads on containment pressure boundary components.

Startup and shutdown cycles (temperature transients)
Pipe reactions (at penetrations)

Crane loads

Leakage-rate test pressures

Safety relief valve discharge tests

Refueling loads

Loads resulting from repair and replacement activities
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3. DAMAGE ASSESSMENT

Aging degradation can affect the ability of metallic pressure boundary components of LWR containment systems to
perform satisfactorily in the event of an accident by reducing its structural capacity or leak-tight integrity. Of the
degradation factors noted in Section 1.2.2, loss of section due to either general or pitting corrosion was considered to
represent the greatest potential threat. The aging problems of the containment differ from most other mechanical
components because service loads primarily result from periodic pressure or leakage-rate testing. Mechanical loads due
to the reaction forces of the penetrating systems also are normally low, so fatigue, with the possible exception of the
bellows of high-energy systems, is a limited (or isolated) problem. The most severe fatigue loads result from blowdown
of the safety or relief valves that produces vibrations of the pipes and pressure pulsations in the suppression pool. The
most critical areas are related to inaccessible surfaces and in the suppression pool, because of difficulties associated with
performing inspections.

One of the significant problems associated with containment aging is the inaccessible areas of the steel structures where
the detection and assessment of possible degradation (primarily corrosion) is very difficult. Nonmetallic seals and
gaskets represent another aging concern relative to containment leak-tightness as these items can degrade under the
influence of time and temperature. However, these items are periodically evaluated under well-defined inspection
programs, and can be or are routinely replaced. Some penetration constructions can be susceptible to stress corrosion
cracking due to high stresses that can be present in stainless steel bellows. Bellows and penetration assemblies are
evaluated through visual inspections and leakage-rate testing. Bellows are also subject to fatigue analysis. Coatings
provided on many metal components to minimize corrosion occurrence also may degrade under the influence of the plant
service environment (e.g., chemical attack, abrasion, and temperature). Coating systems need to be maintained so that
they can continue to provide protection. Coating life is directly related to maintenance. The economic life of a coating is
determined by comparing maintenance costs with recoating costs. Based on the high cost of recoating (e.g., surface
preparation, application, and cleanup), the personnel dose, and outage-related costs, maintenance can be extensive before
its costs exceed those of recoating. Inspection of coatings is generally done through visual inspections, but the condition
of in-place coatings also can be assessed (e.g., thickness and bond to substrate).

31 IN-SERVICE INSPECTION TECHNIQUES AND METHODOLOGIES

The primary goal of inspection is to identify the location, type, and magnitude of structural imperfections or flaws. The
ASME Code (3.1) requires that when defect flaws or evidence of degradation exist that require evaluation in accordance
with ASME Code acceptance criteria, either surface or volumetric examinations are to be conducted. Nondestructive
examination is the primary method used to evaluate the presence and significance of indications of degradation of the
containment pressure boundary. Selection of the appropriate method depends on the type and nature of the degradation,
the component geometry, and the type and circumstances of inspection. Cost and availability are also factors.

Nondestructive examination methods for metallic materials principally involve surface and volumetric inspections to
detect the presence of degradation (i.e., loss of section due to corrosion or presence of cracking). The surface
examination techniques primarily involve visual, liquid penetrant, and magnetic particle methods. Volumetric methods
include ultrasonic, eddy current, and radiographic. Rules for surface and volumetric examinations of containment
pressure boundary components are also provided in Subsection IWA of the ASME Code. Alternative techniques,
combinations of techniques, and newly developed techniques are permitted provided the results are considered to be
equivalent or superior to those of the specified technique. Acceptance standards are defined in Article IWE-3000 of the
ASME Code. In order to obtain repeatable and reproducible nondestructive examination results using any of the
methods described below, several factors must be understood and controlled: material evaluated, evaluation procedure
utilized, environment, calibration/baseline reference, acceptance criteria, and human factors. Table 3.1 presents a
summary of the application by flaw type and important material characteristics for the techniques discussed below.
Table 3.2 presents the dominant sources of variance for these techniques.

3.1.1  Visual Inspection

Visual inspection is one of the most common and least expensive methods for evaluating the condition of a weld or
component (e.g., presence of surface flaws, discontinuities, or corrosion). It is generally the first inspection that is
performed as part of an evaluation process and is beneficial for performing gross defect detection and in identifying areas
for more detailed examination. Interior and exterior containment surface areas that could experience accelerated
degradation and aging were identified in Table 2.9 and Table 2.6 provided several indicators of damage to pressure-
retaining steel components. Visual inspections can identify where a failure is most likely to occur, and when failure has
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commenced (e.g., rust staining or coating cracks). Once a suspect area is identified, all surface debris and protective
coatings are removed so that the area can be inspected in more detail.

Visual examinations can be performed either with the unaided eye or optical magnifiers. Three classifications of visual
examinations are specified in the ASME Code: (1) VT-1 (detect discontinuities and imperfections on the surfaces of
components such as cracks and corrosion), (2) VT-2 (detect evidence of leakage from pressure-retaining components),
and (3) VT-3 (determine general mechanical and structural condition of components and their supports). Without
material or component removal, visual inspections are limited to accessible areas. In situations where access is limited
or normal visual acuity is not sufficient, examination may require the use of visual aids such as the equipment listed in
Table 3.3. Subsection IWA of the ASME Code (3.2) provides rules for remote visual examination and examinations
using surface replication methods. To examine underwater portions of the suppression chamber, either the chamber must
be drained or underwater examination techniques must be used. Drainage of the chamber relieves the hydrostatic
pressure on the coating surfaces and may cause additional blistering or bursting of existing coating blisters. Underwater
techniques have been developed that include desludging, ultrasonic mapping of critical areas, coating adhesion tests, dry-
film thickness determinations, and repair of localized areas (3.3). Since crevice corrosion is possible at hatch locations,
and under bolts, nuts, and gaskets, proper maintenance, use of grease and lubricants, and routine visual inspections are
used to address and inspect for corrosion. The effectiveness of a visual inspection is dependent on the experience and
competence of the person performing the inspections.

3.1.2  Liquid Penetrant Testing

Liquid penetrant testing can be used to detect, define and verify surface flaws in solid or essentially nonporus
components (e.g., cracks, porosity, laminations or other types of discontinuities that have a capillary opening to the
surface) of virtually any size and shape. Indications of a wide spectrum of flaw sizes can be found with little capital
expenditure regardless of the configuration of the test article or the flaw orientation. The procedure consists of
thoroughly cleaning and drying the surface to be examined followed by application of a liquid penetrant. Surface defects
or cracks absorb the penetrant through capillary action. After a dwell period, excess penetrant is removed from the
surface and a developer is applied that acts as a blotter to draw penetrant from the defects to reveal their presence.
Colored or fluorescent penetrants may be utilized, with white light or black light, respectively, used for viewing.
Effectiveness of the method is dependent on the properties of the penetrant and the developer. Limitations of the
technique are that operator skill requirements are fairly high, only surface flaw defects can be detected, area inspected
must be clean since scale or paint film may hide flaws, results are affected by surface roughness and porosity, and no
permanent record of inspection is provided.

3.1.3 Eddy Current Inspection

Eddy current inspection methods are based on electromagnetic induction and can be applied to electrically-conductive
materials for detection of cracks, porosity, and inclusions, and to measure the thickness of nonconductive coatings on a
conductive metal. In the flaw detection mode eddy current can detect surface connected or near surface anomalies. It is
based on the principle that alternating current flow in a coil proximate to an electrical conductor will induce current flow
in the conductor. The current flow (i.e., eddy current) creates a magnetic field that opposes the primary field created by
the alternating current flow in the coil. The presence of a surface or near-surface discontinuity in the conductor will alter
the magnetic field (i.e., magnitude and phase) which can be sensed as a change in the flow of current in a secondary coil
in the probe or change of inductance of the probe. The output signal from the detection circuit is fed to an output device,
typically a meter, oscilloscope, or chart recorder. Flaw size is indicated by extent of response change as the probe is
scanned along the test object. Eddy current techniques do not require direct contact with the test piece, and paint or
coatings do not have to be removed prior to its application. For discontinuities of a given size, the sensitivity of eddy
current decreases with distance below the surface. Bestresults are obtained when the magnetic field is in a direction that
will intercept the principal plane of the discontinuity. Also, the technique requires calibration, is sensitive to geometry of
the test piece, results may be affected by material variations, no permanent record is provided, and demagnification may
be necessary following inspection.

3.1.4 Magnetic Particle Testing

Magnetic particle testing is used to detect surface and shallow subsurface discontinuities in ferromagnetic materials. A
magnetic field is induced into the ferromagnetic material by using permanent magnets, electromagnets, or by passing
high currents through or around the component. The surface is dusted with iron particles that may be dry, suspended in a
liquid, colored, or fluorescent. The magnetic lines of force (flux) will be disrupted locally by the presence of the flaw

56



with its presence indicated by the iron particles that are attracted by leakage of the magnetic field at the discontinuity.
The resulting magnetically-held collection of particles forms a pattern that indicates the size, shape, and location of the
flaw. Effectiveness of the method quickly diminishes depending on flaw depth and type, and scratches and surface
irregularities can give misleading results. Special equipment, procedures, and process controls are required to induce the
required magnetic fields (e.g., use of proper voltage, amperage, and mode of induction). Factors that can affect
sensitivity include orientation of the discontinuity with respect to the induced magnetic field; strength of the magnetic
field; shape of component; and size, shape, and general characteristics of the magnetic particles as well as the fluid
carrying the particles. Also, linear discontinuities that are oriented parallel to the direction of the magnetic flux will not
be detected. Under ideal conditions, it is possible to detect cracks with a width as little as 10 mm, and when
magnetization by DC current is used subsurface defects may be detected at depths on the order of 3 to 7 mm (3.4).

3.1.5  Ultrasonic Testing

Ultrasonic testing uses sound waves of short wavelength and high frequency (e.g., 0.5 to 20 MHz) to detect surface and
subsurface flaws, and measure material thickness. Piezoelectric materials, which dilate or strain when a voltage is
applied across the crystal faces, form the basis for electromechanical transducers.* The expansion and contraction
produced by alternating voltage generates a compression wave in the surrounding medium. The compression wave can
be transmitted at right angles to the component surface, or a coupling wedge can be used to transmit shear or Rayleigh
waves into the object. The ultrasound is transmitted as a series of pulses of extremely short duration and during the time
interval between transmissions the transducer can detect reflected signals. A sound wave propagating through a material
continually loses a part of its energy because of scattering and internal friction effects within the material. Attenuation
losses, together with beam divergence, account for the major limitation on the depth of penetration that can be achieved
for component inspection. The extent of attenuation increases with an increase in frequency.

Either one transducer, which acts as both transmitter and receiver, or two transducers, where one transducer transmits the
signal and a second receives the signal, have been used. The most commonly used technique is pulse echo in which
sound is introduced into the test object and travels through the material examined with some attendant loss of energy.
Reflections (echoes) are returned to the receiver from internal imperfections or the component’s surfaces. The returning
pulse is displayed on a screen that gives the amplitude of the pulse and the time taken to return to the transducer.
Inclusions or other imperfections are detected by partial reflection or scattering of the ultrasonic waves, time of transit of
the wave through the test object, and features of the spectral response for either a transmitted or reflected signal.
Operator interpretation is made by pattern recognition, signal magnitude, timing, and probe positioning. Flaw size,
distance, and reflectivity can be interpreted. The technique has good penetration capability, high sensitivity to permit
detection of very small flaws, good accuracy relative to other nondestructive examination methods, only one surface has
to be accessible, and rapid results are provided. For thickness measurements digital meters are commonly used. In the
pulse-echo mode an ultrasonic transducer transmits waves normal to the component surfaces, signals are reflected from
the front and back surfaces, and the difference in arrival times of the two signals is used to indicate the thickness. Cross-
section loss is then calculated by taking the difference between the as-built thickness and the thickness measured.
Components can also be scanned to detect subsurface abnormalities such as cracks or voids. Information obtained
during a test can be displayed as either an “A” scan (displays initial pulse, any defect echoes, and backwall echo), “B”
scan (initial signal, defect echoes, and backwall echoes recorded as a function of probe position), or “C” scan (provides
plan view of specimen). “A” scans are most commonly used. Ultrasonic testing is commonly used in nuclear plants to
monitor wall thinning of the containment vessel caused by corrosion. Rough surface conditions such as could be present
on metallic components of containment pressure boundary systems present problems relative to signal scattering.
Focused transducers provide the best results where rough surfaces are present. Because of its complexity, ultrasonic
testing requires considerable technician training and skill. One major disadvantage of this approach is the requirement of
a coupling medium. The contact wedge-type transducers are sensitive to the plate surface condition and the coupling
state and, therefore, inspection results may not be satisfactory. A coupling medium consisting of a column of water
appears to be the most suitable for this approach (3.5, 3.6). Since conventional piezoelectric transducers operate at
frequencies higher than 500 kHz, the corresponding inspection range is relatively short (a few meters) because of a
relatively high wave attenuation in that frequency range. Also, defects just below the surface may not be detected, and
reference standards are required.

* Conversely, if the crystal is subjected to a mechanical strain, an electrical field will be created in which the voltage
produced is proportional to the amount of strain (3.4).
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Instead of using the typical approach described above, dry-coupled piezoelectric transducers employed for guided-wave
inspection of piping (3.7) may also be used for plates. Compared to the thickness vibration of a conventional transducer,
the piezoelectric transducer in this case expands or contracts lengthwise. When pressed against the surface of a material
under inspection, the lengthwise motion of the transducer imparts the force to the material through friction and generates
the guided wave. Detection of the guided wave is achieved by the reverse process. The operating frequency of the dry-
coupled transducer is low (100 kHz or less) and, therefore, it is well suited for long-range inspection (tens of meters)
because of a correspondingly low wave attenuation. The requirement of direct physical contact to the plate surface may
be a disadvantage of this approach.

Noncontact ultrasonic pulses can be generated through focusing a series of light impulses from a laser onto the surface of
the object inspected (3.4). The remotely positioned laser sends out a series of very short high-energy light impulses that
are converted by thermomechanical effects into sound impulses. The laser pulse at the point of incidence on the object
surface produces rapid heating (without damage) resulting in a localized temperature rise that generates ultrasonic waves.
The emission from a second laser illuminates the surface of the test object and ultrasonic echoes returning to the test
object surface cause deflections that produce modulation of the reflected light from the illuminating laser. An
interferometer analyzes the modulated reflected light signal and converts it into a signal that can be presented on a
cathode-ray tube. The main advantages of laser-induced ultrasonics is that no mechanical coupling is required and the
acquisition of results is rapid, however, sensitivity is not as good as more conventional ultrasonic systems.

Another ultrasonic testing technique is the time of flight diffraction (TOFD) method that relies on the diffraction of
ultrasonic waves from cracks or defect tips, rather than reflection such as in pulse-echo methods. Usually two probes
(transmitter and receiver) are used, with the probes aligned geometrically on either side of the object being inspected
(e.g., crack or weld). The transmitter produces a relatively wide beam spread in order to maximize the extent of a scan.
A scan (“A” scan) is taken in sequential positions along the length of interest. The wave propagation times are used to
indicate and locate the diffraction source. If both tips of a defect can be resolved, then the actual depth and “through-
wall” thickness of the flaw can be accurately calculated. Interpretation of results can be difficult, however, because it is
hard to achieve clear signals in the “A” scans due to the nature of the weak diffracted signals coupled with noise, and
interference derived from very small pores or material nonuniformity (particularly for welds). Data enhancing
algorithms such as the synthetic aperture focusing technique can be used to improve defect characterization by
eliminating beam spread effects. One of the best applications of this method has been to on-line weld inspection since it
can inspect the full weld with rejection of unwanted signals, and scans are continuous and contain all data from
individual “A” scans.

3.1.6  Radiographic Techniques

Radiographic techniques involve the use of penetrating y- (decay process of radioactive substances) or X-radiation
(bombarding a metal target with a beam of high-velocity electrons) and are based on differential absorption of the
radiation. X-radiographic inspection is applied to the detection of surface connected and internal anomalies as well as
the internal configuration of a test object. Radiation is capable of detecting any feature in a component or structure
provided that there are sufficient differences in thickness or density within the test article. The source is placed close to
the material to be inspected and the radiation passes through the material and is captured on film placed on the opposite
side of the test article from the source. Sensitized paper (paper radiography), fluorescent screen viewing (fluoroscopy),
and detection and monitoring by electronic sensing equipment (xeroradiography) can also be used to monitor the
intensity of radiation passing through a material. A two-dimensional projection of the area being inspected is displayed
on the film (permanent record). The thickness, density, and absorption characteristics of the material affect the intensity
of radiation passing through an object. Possible imperfections are indicated on the film as density changes (i.e., series of
gray shades between black and white). The choice of type of source is dependent on the thickness of material to be
tested. Gamma rays have the advantage of portability. Gamma radiometry systems consist of a source that emits
gamma rays through the specimen and a radiation detector and counter. Direct transmission or backscattering modes can
be used to make measurements. The count or count rate is used to measure the specimen dimensions or physical
characteristics (e.g., density and composition). Primary limitations of radiography are that radiation protection has to be
observed while applying the method, personnel must be licensed or certified, results are not immediately available, the
structure must be accessible from both sides, detection of crack-like anomalies is highly dependent on the exposure
geometry and orientation of the crack with respect to incident irradiation, and it tends to be expensive relative to many
other nondestructive examination methods. Best results are generally obtained when the defect has an appreciable
thickness in the direction parallel to the radiation beam.
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Neutron radiography involves the transmission of neutrons through a component with the associated production of a
radiograph on film. Sources of neutron beams include a radioactive isotope, a particle accelerator, or a nuclear reactor.
Neutron emissions are classified according to their kinetic energies as cold (slow neutrons), thermal (medium speed), or
fast (3.4). Generally the thermal neutrons are used in neutron radiography. As a neutron beam passes through a medium
it will be attenuated due to neutron scatter (collisions with atom nuclei) and capture (absorption of neutron into nucleus
creating an isotope of the atom). With neutron beam radiography there is a greater tendency for the thermal neutron
beam attenuation to increase as the atomic mass number of the element increases. The general principles of beam
attenuation with increasing thickness, shadow formation, and other geometrical effects are similar to those of y- or X-
radiography, however, recording of results differs. Either direct-exposure or transfer screens are used. In the direct-
exposure method the screen is placed in direct contact with the film and neutrons falling on the screen are absorbed and a
secondary emission, to which the film emulsion is sensitive, is released. Transfer screens are positioned behind the
object to be radiographed, a neutron exposure made, and the transfer screen used to expose the film. Neutron radiation is
a highly specialized and costly process, but has been used for a number of applications including inspection of nuclear
fuel elements.

A special form of radiograpy, neutron tomography, merges standard neutron radiography with the computed tomography
techniques common to most of today’s medical scanners to enable two- and three-dimensional external and internal
visualizations of objects. The object to be scanned is located in front of the neutron beam port and activation film used
to record the results. The activation film is then used to expose photographic film. The object is then rotated a precise
amount and the procedure repeated until images have been taken over 180°. After processing the film, the images are
digitized on a scanning microdensitometer and stored for computer processing. Data from each of the stored images is
aligned and normalized to the same exposure and used to reconstruct images of cross sections of a scanned object.
Density variations can be indicated using colors. As neutron tomography is particularly effective in detecting hydrogen-
based substances, it is useful in identifying corrosion products since they absorb the neutrons, however, since results are
averaged, pitting corrosion may not be detectable. Computed tomography also can be used in conjunction with y- and X-
radiography beam measurements.

3.1.7  Acoustic Emission Inspection

Acoustic emission inspection is based on monitoring and interpretation of stress waves generated by a structure under
load. Acoustic emissions are small amplitude stress waves (50 kHz to 10 MHz frequency) resulting from release of
kinetic energy as a material is strained beyond its elastic limit (e.g., crack growth and plastic deformation). Material
stress can come from mechanical or thermal loading, as well as from a variety of other means. There are basically two
types of acoustic emissions from materials — a continuous type of low amplitude associated with plastic deformation and
movement of dislocations within a material, and a burst type of high amplitude and short duration resulting from
development and growth of cracks. The stress waves propagate throughout the specimen and may be detected as small
displacements by piezoelectric transducers positioned on the surface of the material. A typical acoustic emission system
consists of a number of sensors, preamplifiers, signal filters, amplifier, and a recording system. Signal measurement
parameters most commonly used to interpret results include ringdown counts (threshold-crossing pulses), energy counts
(area under rectified signal envelope), duration (elapsed time for ringdown counts), amplitude (highest peak voltage),
and rise time (time from first threshold crossing to signal peak). Primary applications of acoustic emission inspection
include continuous monitoring or proof testing of critical structures, monitoring of production processes, and
experimental research related to material behavior. Advantages of acoustic emission are that it is extremely sensitive, the
entire structure can be monitored, it is relatively unobtrusive, onset of failure can be identified, and triangulation can be
used to identify source location. Acoustic emission can detect growing cracks of a much smaller size than is detectable
by conventional techniques, and since there is a marked increase in activity when a crack or discontinuity approaches
critical size, it can warn of impendent instability and catastrophic conditions. Certain aspects of the corrosion process
are detectable by acoustic emission (e.g., stress-corrosion cracking, hydrogen cracking, corrosion fatigue, and gas
evolution) (3.4,3.8). Disadvantages are that it requires considerable technical experience to conduct the test and interpret
results, background noise can interfere with signals, and a material may not emit until the stress level exceeds a prior
applied level (i.e., Kaiser effect).

3.1.8  Thermographic Inspection
Thermographic inspection methods are applied to measure a variety of material characteristics and conditions. In the

flaw detection mode they are used for detection of interfaces and/or variation of properties of interfaces within layered
systems. The test object must be thermally conductive and reasonably uniform in color and texture. The procedure
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involves inputting a pulse of thermal energy that is diffused within the test object according to thermal conductivity,
thermal mass, inherent temperature differentials, and time of observation. The thermal state of the test object is
monitored by a thermographic scanner camera that has infrared energy spectrum detection capability. Interpretation of
results is done through visual monitoring of the relative surface temperature as a function of time and relating the time-
dependent temperature differences to the internal condition of the test object. Irregularities in temperature contours can
be related to defects as flaws or irregularities that will affect the amount of heat conduction in their vicinity. Results are
recorded as a function of time and the process is relatively rapid. Specialized equipment is required and since the
method is a volume inspection process, resolution is lost near the edges and at locations of nonuniform geometry change.

Thermal inspection becomes less effective in the detection of subsurface flaws as the thickness of the object increases.
Pulsed infrared techniques have been developed that can perform inspections through the thickness of test objects. The
process basically entails providing heat through a high-intensity thermal pulse or step heating, and dynamically
collecting infrared images of the material surface using an infrared thermal imager tied to a video recording system.
Digitized image processing can be used to enhance the images received. To be successful, the heat applied at the top
surface must penetrate to the bottom surface with a temperature differential of several degrees for good infrared contrast.

3.1.9  Electrochemical Corrosion Monitoring

Electrochemical corrosion monitoring techniques are available to make measurements directly related to corrosion rate
rather than indirectly in terms of the flaws produced by corrosion. Potential surveys, linear polarization, and AC
impedance are techniques that have been utilized. Electrochemical potential measurements using a standard half-cell
(e.g., copper-copper sulfate) can be used to locate anodic portions of a structure (i.e., potential gradients indicate
possibility of corrosion). The more negative the value of the standard half-cell potential, the greater the tendency of the
metal to lose its electrons (i.e., corrode). The linear polarization resistance method impresses DC current from a counter
electrode onto the working electrode (e.g., steel structure). Current is passed through the counter electrode to change the
measured potential difference by a known amount with the working electrode being polarized. An electronic meter
measures the potential difference between the reference electrode and the working electrode. Measurements as a
function of DC voltage applied across the cell provide an indirect measure of the corrosion current. The AC impedance-
polarizing technique utilizes an alternating applied voltage with the data analyzed as a function of frequency. The AC
technique provides polarization resistance as well as information on polarization mechanisms at the anode and cathode
which is important for interpretation of the AC impedance data. The technique requires rather sophisticated equipment
(e.g., AC frequency generator and analyzer system) and the Tafel slopes must be known to convert AC impedance data
into corrosion rate information (3.9). Each of these methods requires contact with the part of the structure monitored
and, where corrosion rates are provided, the rates are only since equipment installation and monitoring.

3.2 INSPECTION OF INACCESSIBLE PORTIONS OF METALLIC PRESSURE BOUNDARIES

Inspection of inaccessible portions of metallic pressure boundary components of nuclear power plant containments (e.g.,
fully embedded or inaccessible containment shell or liner portions, the sand pocket region in Mark I and 11 drywells, and
portions of the shell obscured by obstacles such as platforms or floors) requires special attention. Embedded metallic
portions of the containment pressure boundary may be subjected to corrosion resulting from ground water permeation
through the concrete; a breakdown of the sealant at the concrete-containment shell interface that permits entry of
corrosive fluids from spills, leakage, or condensation; or in areas adjacent to floors where the gap contains a filler
material that can retain fluids. Examples of some of the problems that have occurred at nuclear power plants include
corrosion of the steel containment shell in the drywell sand cushion region, shell corrosion in ice condenser plants,
corrosion of the torus of the steel containment shell, and concrete containment liner corrosion. In addition there have
been a number of metallic pressure boundary corrosion incidents that have been identified in Europe (e.g., corrosion of
the liner in several of the French 900 MW(e) plants and metal containment corrosion in Germany). Corrosion incidences
such as these may challenge the containment structural integrity and, if through-wall, can provide a leak path to the
outside environment. Although no completely suitable techniques for inspection of inaccessible portions of containment
pressure boundaries have been demonstrated to date, several techniques have been proposed (i.e., ultrasonic inspection,
electromagnetic acoustic transducers, half-cell potential measurements, magnetostrictive sensors, and multimode guide
waves. Provided below is a summary of prior research and candidate techniques evaluated under this program.
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3.2.1  Prior Research
Prior research studies have investigated use of ultrasonics and electromagnetic acoustic transducers.
3.2.1.1 Ultrasonic testing

Guided (or Lamb) wave generation and detection using a conventional piezoelectric transducer, Fig. 3.1, is based on
Snell’s law (3.5, 3.6). The transmitting transducer generates plane acoustic waves in the coupling medium between the
transducer and the plate. The medium may be either fluid, such as water, or a wedge material such as plexiglass (for the
latter case, an additional thin layer of couplant is required to couple the generated wave into and out of the plate). When
the longitudinal (or compressional) wave in the coupling medium arrives at the plate surface, a mode conversion takes
place according to Snell’s law, and the guided wave is subsequently produced and propagated in the plate. The guided-
wave mode produced in the plate satisfies the following equation for Snell’s law:

Sin0=V/Vp 3.1)

where 0 is the incident angle, V is the longitudinal wave velocity in the coupling medium, and Vp is the phase velocity
of the guided-wave mode in the plate. Detection of the guided waves in the plate is achieved when the guided wave is
mode-converted back to the longitudinal wave in the coupling medium.

Ultrasonic testing is commonly used to monitor wall thinning and can be used to detect and monitor corrosion if at least
one side of the structure is accessible. In the pulse-echo mode an ultrasonic transducer transmits waves toward the metal
surfaces, signals are reflected from the front and back surfaces, and the difference in arrival times of the two signals is
used to indicate the component thickness. Metal loss is then calculated by taking the difference between the as-built
thickness and the thickness measured.

In Germany, an extensive evaluation was conducted by Technical Inspection Service (Munich) to evaluate the feasibility
of using ultrasonic methods to detect corrosion damage of the containments of PWRs or liners of BWRs in areas thatare
inaccessible ( i.e., embedded bottom portion of containments of PWRs, areas of containments of PWRs adjoining
platforms, penetrations through the containments of PWRs, and steel liners of BWRs inside pressure-suppression
chamber) (3.10). In order to establish suitable search units (favorable signal-to-noise ratio) for detection of metal
containment corrosion, a calibration block with simulated corrosion was prepared. A sharp-edged and a cambered
shallow pit were machined to a depth of 2.5 mm into a 39-mm-thick calibration block. The sharp-edged pit was used to
qualify the search units considered. Corrosion-inhibiting paint was applied to one surface of the block.

Several angle beam search units were used to examine the calibration block (45°60°70%and 90°). In setting up the
qualification tests, experience has shown that locations of corrosion in containments can occur at distances to
approximately 100 mm below the interface where the containment shell becomes embedded in concrete. This results in
long beam paths with correspondingly large projection distances for the ultrasonic examinations. A pulse-echo unit was
used in the tests with sensitivity adjusted based on signal-to-noise ratio (average method). Results obtained showed that
the sharp-edged pit was detectable (signal-to-noise ratio > 12, input angles from 45°t090°), but the rounded pit (input
angles from 35°tp80°) could not be detected. Supplemental testing was then performed on a PWR containment and
corroded calibration blocks.

During repair to the containment of a PWR at a German nuclear power it was possible to perform ultrasonic
examinations and to establish the extent to which such examinations were suitable for detecting corrosion damage. To
facilitate detection of surface corrosion on the inside of the containment, which later became visible when the concrete
was removed, angle beam search units were used to scan zones with different coupling conditions. When selecting search
units for examination of containment corrosion several aspects were taken into account: (1) surface conditions of the
calibration block and the containment differed, (2) the containment was coated internally and externally while the
corrosion block was coated only with a corrosion-inhibiting paint, and (3) reflection characteristics of corrosion points in
the containment differ from those of the sharp-edged or cambered shallow pits in the corrosion block. Supplemental
examinations were carried out to characterize the corrosion and to qualify the testing technique. The tests involved
coated surfaces and surfaces machined until they were bright metal. With the 45° search unit it was found that the
influence of the coating could be disregarded and locations of corrosion could be separated from the interference level of
the detection zone (~ 6 dB) in single to triple skips. For the 60° and 70° search units, because of the long paths and
surface roughness of the component, the indications of corrosion were masked by interference. With coating present,
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signals from the 90° search units were highly damped so wave propagation distance was inadequate. When the coating
was removed by grinding, the noise level from surface roughness was too high to use the 90° search units. With this as
background, ultrasonic tests were performed from the inside and outside of the containment with varying beam paths
(single to triple skip distances).

Measurements on the inside containment surface were performed at four locations. The locations included those with
and without corrosion. Coupling conditions were such that the surface was either coated or bright metal (e.g., ground).
Indications of corrosion pits were obtained from each of the locations where corrosion pits were present. For
measurements from the outside of the containment, the coupling area was coated and slightly smoothed. Echo heights
indicative of corrosion were obtained from the outside surface of the containment for only one of the four corrosion
locations. Removal of the concrete adjacent to this area revealed corrosion that was about 100 mm below the interface.
Wall thickness measurements were then performed on the containment at this same location. The initial wall thickness at
coated locations ranged from 31.2 to 31.4 mm. The smallest measured wall thickness at this location was 29.3 mm
indicating an approximate wall thinning of 2 mm, or a loss in thickness of 6.4%. General corrosion was found to be
difficult to detect.

Further examinations were carried out on calibration blocks with artificial corrosion induced. These examinations were
performed to verify whether and under which test conditions corrosion could be safely detected with 45° angle beam
search units. The previous calibration block and another calibration block containing a 2-mm-deep pit, sharp-edged on
one side and flattened on the other, were artificially corroded for a period of seven months using 1% NaCl solution at
20°C to produce corrosion pits up to 2.4-mm deep. The corrosion pits were detectable in both calibration blocks with
adequate signal-to-noise ratio.

The study concluded that corrosion pits could be adequately detected by ultrasonic testing with 45° angle beam search
units if the corroded surfaces were sufficiently pitted (e.g., > 2.4-mm deep). In this case sufficient sound intensity is
transmitted back to the search unit as a result of adequate reflectivity. The ultrasonic wave length is a measure of
reflectivity and it must be on the order of magnitude of the extent of the corrosion pits. Signal-to-noise ratio should be
on the order of 12 dB for detectability. Results of this study indicated that it was possible to detect well-developed
corrosion pits (pit depth of same order of magnitude as ultrasonic wave length) with 45° angle beam 2 MHz search units
within a distance of up to 130 mm below the interface between the concrete and metal containment.

3.2.1.2 Electromagnetic acoustic transducers

An electromagnetic acoustic transducer (EMAT) is a device that generates and detects ultrasonic waves in metal based
on the Lorentz force (3.11) which is a force that acts on a moving charge in a static magnetic field. The EMAT consists
of a transmitter and receiver, both of which contain a permanent magnet or electromagnet and a coil (Fig. 3.2). The
transmitter coil is excited by high radio-frequency current to induce an eddy current into the surface of the metal
examined. The eddy current interacts with the magnetic field generated by the transmitter coil to produce a Lorentz
force that interacts with alternating current (supplied by the EMAT coil) and an externally supplied magnetic flux to
generate guided plate waves in the metal (i.e., pulse-echo and through-transmission modes generate low frequency
horizontal shear (SH) plate or Lamb waves). Detection of elastic waves is accomplished by the reverse process in which
the wave in the presence of a static magnetic field gives rise to eddy currents in the metal that induces a voltage to the
EMAT coil. EMATS have been applied to long-range inspections of tubes (3.12) and steel sheets (3.13). EMATSs have
advantages for detection of corrosion because: a couplant is not needed, the ultrasound is generated directly in the metal
rather than in the transducer, the high-energy waves can travel relatively long distances parallel to the plate surface, the
wave velocity is independent of plate thickness, and the ultrasound can be generated through a surface coating up to
about 1.5-mm-thick. Disadvantages of EMATs are that their efficiency is low and thus the signal-to-noise ratio may be
poor, and they lose sensitivity when the gap to the surface of the component inspected is increased.

The capability of adapting EMATS to detect corrosion in Mark I containment vessels and correlating EMAT signals with
corrosion damage to make quantitative evaluations were evaluated in the laboratory (3.14). Since it had been shown that
the SH; mode had less attenuation than the SH, mode, the SHy mode was primarily used for the experiments. Simulated
corrosion-like defects (13-mm wide by 102-mm long by 11-mm deep) were milled into a 2.1-m-wide by 4.9-m-long by
25.4-mm-thick plate at a distance of 0.6 m from one end. Pulse-echo and through-transmission modes were evaluated.
In the pulse-echo mode the transmitter generates a wave in the plate parallel to its surface. The signal, which is scattered
by a defect such as a crack or corrosion, is detected by a receiver located near the transmitter. In the through-
transmission mode, the transmitter also generates a wave that travels parallel to the plate surface, however, the signal is
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detected by areceiver that is located at the opposite end of the plate. Experimental results show that SH waves scattered
from planar slots (also for planar cracks and similar boundaries) produce signals that are measurable at substantial
distances (3 m or more) from a small (two wavelength) scatterer that extends halfway through the plate. In the pulse-
echo geometry, a flaw at least half-way through the plate thickness and two wave lengths long (~127 mm) provided
strong scattering signals that could be detected at distances to 4.6 m. Rounding of the flaw causes the signal to become
weaker and spreads it more over a larger angle (i.e., scattered energy from planar slot is primarily SHy mode while semi-
circular slot scatters a great deal of energy into other modes). Although the through-transmission mode was not as
sensitive (lower relative detectability), it was felt that deep corrosion damage (i.e., >75% of the plate thickness) could be
detected at a distance to 15 m or more, but defect sizing would be difficult. The significant amount of coherent elastic
wave energy present in the plate indicates that discrimination of any type of scattering anomaly will be improved
dramatically using synthetic aperture signal processing.

3.2.2  Assessment of Candidate Techniques

Several techniques have been identified having potential application to inspection of inaccessible regions of NPP
containment metallic pressure boundaries. Analytical and experimental studies have been conducted to assess the
capability of high-frequency acoustic imaging, magnetostrictive sensors, and multimode guided waves.

3.2.2.1 High-frequency acoustic imaging.

Exploratory analytical and experimental simulations have been conducted by the Engineering Technology Center
(Mystic, CT) to investigate the feasibility of applying high-frequency acoustic imaging techniques to the detection and
localization of thickness reductions in the metallic pressure boundaries of nuclear power plant containments (3.15, 3.16).

3.2.2.1.1 Numerical simulations

The analytical study used an elastic layered-media code (OASES Code, Massachusetts Institute of Technology) to
perform a series of numerical simulations to determine the fundamental two-dimensional propagation physics (3.17,
3.18). Results from the two-dimensional studies were used to address three-dimensional issues related to defect
classification.

Range-independent results. Initial evaluations utilized the range-independent version of the OASES Code. The code
was developed and validated for the evaluation of the acoustic field in a system of stratified fluid and/or elastic layers.
The propagation scenario must be horizontally layered with the material parameters of each layer fully specified in terms
of sound speed, density, and absorption. An arbitrary number of fluid or solid elastic layers can be interleaved, though
the outer layers are modeled as halfspaces. The received field due to an arbitrary source array can be calculated at
arbitrary depth and range positions. The response is determined for a single frequency by means of an exact fully-elastic
calculation by wavenumber integration. Table 3.4 presents the material properties used in the numerical models. Figure
3.3 presents the approximate model of the containment scenario that was created. The model represents a portion of the
problem addressed either above or below the interface, but does not represent the interface. A nominal 25-mm-long
source array represents the ultrasonic sensor and the array is steered down at an angle to couple to a particular shear
wave angle in the steel. The model was run for angles (35 to 70°) and frequencies (0.5 to 5 MHz) of currently available
commercial sensors. Normal stress was calculated over a grid at a spacing of 1 cm in range and depth with the field
calculated to a depth extending from 25 mm above to 25 mm below the steel layer. Degradation of the steel layer was
represented by spatially uncorrelated surface roughness on the bottom of the steel layer. Although it was demonstrated
that the code could model the basic scenario, clear modal structural dependence on frequency was seen. After several
runs of the model utilizing a wide range of parameters, it became clear that the range-independent version of the code
was inadequate to capture the important processes of propagation. The levels of roughness on the interface used to
represent degradation were essentially meaningless. Roughness was modeled simply as an attenuation of a forward-
propagating wave with no backscatter wave generated by the roughness. As a result, the approach was changed to use of
the range-dependent version of OASES in which the full interface scenario could be modeled.

Range-dependent results. The range-dependent version of OASES also applies to evaluation of the acoustic field in a
system of stratified fluid and/or elastic layers. This version of the code permitted modeling of the full scenario, which
includes the air/concrete interface, a finite-length source, and discrete degradation regions. The field in one sector is
propagated to the next sector by a virtual array of sources located on the sector boundary. A single scatter model is used
(i.e., the field is calculated once forward through the sectors and then once backward).
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The two-dimensional numerical model for the embedded steel containment scenario is presented in Fig. 3.4.
Degradation of the steel is represented by a 10-cm-long notch cut from both surfaces. The degradation thickness, T, and
its distance from the interface, dx, are parameters used in the simulation. A nominal 25-mm-long source array in a
“wedge” material represents the ultrasonic sensor with the wedge material modeled as a fluid and thus only supports
compressional waves. The array is steered down at an angle to couple to a particular shear wave angle in the steel.
Results for simulation of a 0.5 MHz source which excites a 45° shear wave in the steel surrounded only by air are
presented in Fig. 3.5. Degradation is present on both sides of the steel, T =4 mm, located at a distance of 55 cm from
the source. The top plot shows the normal stress in dB as a function of range and depth for the forward-propagating
field. Attenuation due to absorption by the steel is fairly low. The middle plot shows the same information for the
backward-propagating field and indicates significant reflection of energy by the presence of degradation. The bottom
plot shows line plots of the forward- and backward-propagating fields at the top of the steel layer. For this scenario, the
degradation gives a signal level of —17 dB, which includes the scattering strength of the degradation and the attenuation
ofthe steel. This return is significant and easily measurable. Results when concrete is added to the model are presented
in Fig. 3.6. For the same degradation parameters as before, significant loss of energy occurs to the concrete as noted by
high field levels above and below the steel layer to the right of the interface in both the forward and backscatter plots.
The mechanism is phase-speed matching, shear waves in the steel leak off via Snell’s Law into compressional waves in
the concrete. Also, an additional 20 dB (37 — 17 dB) of energy, normally seen by the sensor, has been lost due to leakage
into the concrete. This will limit penetration ability.

In order to determine the dependence of the field on frequency and depth of degradation, the model in Fig. 3.4 was run
for frequencies from 0.1 to 1 MHz and two-sided degradation depth from 0.5 to 10 mm. Figure 3.7 presents plots of
signal level in dB versus degradation depth in mm. Results indicate that the system will be able to distinguish between
relatively small surface imperfections (e.g., <I mm) and more serious degradation (e.g., >2 mm). However, as the
change in signal level (<10 dB) for defects in the range of 4 to 10 mm is relatively small, quantification of defect size in
this range will require careful calibration. In order to evaluate the signal penetration capabilities, the model in Fig. 3.4
was rerun for frequencies from 0.1 to 1 MHz and a two-sided, 4-mm-deep degradation located at interface distances from
5t0 20 cm. Results in Fig. 3.8 show a high attenuation of received signal with distance. The concrete adds 3-4 dB of
two-way signal loss per cm of concrete penetrated. The range of depths that can be penetrated will depend on the
capabilities of the transducer used.

The two-dimensional numerical model for the steel-lined concrete containment scenario is presented in Fig. 3.9. Since
the purpose is to detect degradation in the liner, which is thin compared to the concrete section, the field was limited to
the steel liner (i.e., the containment was modeled as a pure halfspace). Normal stress in dB as a function of depth and
range for the forward-and backward-propagating fields resulting from a 0.5 MHz, 25-mm-long source array coupled with
a wedge to excite a 45° shear wave in the steel are presented in Fig. 3.10. In this scenario a 2—-mm-deep, two-sided
degradation, located 5 cm from the air/concrete interface was used. The figure shows that most of the forward energy
from the source is injected through the plate directly into the concrete and lost so that the returned signal levels are very
low. This will limit the ability of a practical system to excite waves in the liner. Signal levels are 40 dB (factor of 100)
lower than the comparable values for the steel containment scenario. Also, if there are scatterers in the concrete, such as
reinforcement, studs, or voids, they will tend to scatter energy back to the plate that may interfere with the desired
measurements. Degradation depth (degradation depths from 0.5 to 3 mm located 5 cm from the interface, and
frequencies from 0.1 to 1 MHz), and penetration (2-mm-deep degradation, located from 5 to 20 cm from interface, and
frequencies from 0.1 to 1 MHz) studies indicate that for this scenario unacceptably high loss to the concrete occurs (e.g.,
on order of 100 dB) for a small degradation close to the interface. Due to this magnitude of loss, it appears unlikely that
acoustic imaging technology can be applied to this scenario.

Three-dimensional issues. Having established the basic restrictions imposed by important parameters of the two-
dimensional scenario as well as by the sensors themselves, the feasibility of designing an array of sensors that can scan
the surface of the containment to localize and map thickness reductions was investigated.

Localization and mapping are similar operations from the point of view of a sensor system. Generally, a sensor system
searches an area or volume by scanning in two or three dimensions. The search can be active, where the sensor sends out
pulses of energy and listens for returns, or passive, where the sensor just listens for energy from an active source. The
system under consideration here is an active system, since there are no active sources in our scenario. For an active
system, sufficient energy must be input into the medium so that a signal reflected back from the target is of sufficient
magnitude that it is measurable at the receiver. The search area or volume is divided into bins in some coordinate system
(e.g., rectangular, cylindrical or spherical). The results of a sensor sweep in which the transmitter is sequentially moved
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from bin to bin are recorded for each bin. If the record is a “target/no target” decision, this is known as localization and
locates the target. If the record is areceived level, either in the form of raw data or interpreted via some transform, this is
known as mapping. The problem at hand is a mapping problem, as the desired output is a spatial map of the degree of
degradation over the entire surface of the containment.

Array processing is used to do either localization or mapping. Localization is a bit easier to describe. From there,
mapping is a simple generalization. In order to localize a point scatterer, several directional views of it must be obtained
and correlated. A classical (3.19) way to do this in two dimensions is with an array of sensors using a “range-bearing”
type of algorithm (Fig. 3.11). Typically, a line array of N individual, omni-directional sensors is used in a coherent
fashion. In a narrow-band frequency sense, the sensors are electronically phased to transmit and receive a tight angular
beam of propagating energy. As shown on the left of the figure, this beam can be steered in a particular direction, 6. By
sweeping the beam over this angle and identifying which angle gives the strongest return, the bearing of the target
relative to the array can be found. Once bearing is known, the range is determined by using time-of-flight information.
The range of the target is given by multiplying the two-way travel time, 2, by half the medium sound speed, c/2. Range
and bearing information then uniquely locate the target in cylindrical coordinate space (although a line array does have
an up-down ambiguity). The localization accuracy is dictated by the resolution of the array in the angular direction, and
the bandwidth of the pulse in the range direction. These constraints give the minimum bin size in the two directions.

Figure 3.12 provides a simple illustration of the important parameters that govern the resolution of line arrays. In order
to avoid spatial aliasing of the array, the elements must have a spacing, dx, smaller than A/2, where A is the wavelength
of the signal, A=c/f, c is the sound speed of the material and f is the frequency of the signal. This is similar to the
Nyquist condition of signal processing and must be met to prevent bearing ambiguity. In the far-field, the beam pattern
of the array is a sine function whose main lobe width is dictated by the length of the array, L. The angular resolution,
B34p, of the array in radians is simply the wavelength, A, divided by the length of the array, L. The resolution, D, at a
particular range, R, is this angular resolution multiplied by that range. This is only true in the far-field of the array which
starts at a range equal to 2r; = 2L%/\. The strength of the array side lobes is a function of the amplitude taper applied
across the array. For a Hamming taper, a target in the side lobe will have a level more than 40 dB below the level of a
target in the main lobe. Since the range bin size is proportional to the duration of the pulse sent out by the source (Fig.
3.11), a good estimate of this pulse duration is: T=1/BW, where BW is the bandwidth of the signal.

Using the characteristics of typical ultrasonic sensors noted in Table 3.5, bin sizes can be calculated. The range bin
width is computed from the bandwidth of the sensor. With a Q = Af/f = 0.6, a 1 MHz sensor has at=1.7us, or AR =

5 mm. Thus, the range bin size is 0.5 cm. The total range of primary interest for the containment inspection scenario is
on the order of 30 cm, which is equal to about 60 bins. This is not a very taxing burden for a system to measure and
calculate. If one would like to localize down to about 3 cm, a 0.5 cm range bin size more than meets the criterion and is
a good practical range resolution.

Angular resolution presents more of a problem with available sensors. A typical sensor is in the form of a piston that is
large compared to a wavelength. Also the typical sensor is not an omni-directional source, as is required for the
formation of an array. To understand the high directionality of this sensor, one can model it as a dense array of finite
length L, phased coherently in one direction. At 1 MHz, a 25-mm shear sensor has a main lobe width of only 83455=7°.
To understand the severity of this limitation, note that at 25 cm from the sensor location the diameter of the spot the
sensor interrogates is D, where D is 3 cm wide. These ultrasonic sensors cannot be used together in a scanning array, as
each sensor beam pattern would make looking in any direction other than the intrinsic sensor direction impossible. Thus,
the current sensor technology can only be used in spot detection and mapping scenarios. If there were suspected
degradation in an area of the containment, the sensor could be physically moved along at 3 to 5 cm intervals to sweep out
asmall area. This is a labor-intensive process that would be warranted if degradation was suspected, but would not be
practical to interrogate a large area.

Scannable sensor technology, such as used for medical ultrasound, should be capable of being developed. The medical
ultrasound sensors are manufactured by bonding many signal wires to a solid piezoelectric block on a substrate, and then
cutting the block into individual sensors, leaving a line array of N sensors in the substrate (Fig. 3.13). For example, at 1
MHz, the spacing on this array would have to be on the order of 1.5 mm to avoid aliasing and 2.54 cm in total length for
an angular resolution of 6;gg = 7°. This would require a 17-element array, that would be very reasonable in terms of cost
and complexity to drive electronically. The finite size of the individual sensors would allow a total scan sector width of
120°, or about 18 angular bins. Experiments with the wedge material would have to be made to demonstrate that the
directionality of the sensor would not interfere with the coupling characteristics of the wedge, and vice versa. Giventhe
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fixed scan sector size of 120°, the maximum penetration ability of the sensor and the required depth of coverage will
limit the array offset, as shown in Fig. 3.14. Array offset is the separation between scanning stations so that the scan
cones overlap, as shown in the figure, to provide complete coverage. Using parameters provided, it is estimated that the
array offset will be on the order of 1.5 m, or 75 stations (scan locations) would be required to interrogate a 36-m
diameter containment.

Conclusions from numerical simulations. The range-dependent version of the OASES Code successfully modeled the
steel containment and steel-lined concrete containment scenarios using the discrete notch approach. For the steel
containment scenario, significant degradations (> 2 mm) located below the concrete/air interface give reasonable
intrinsic backscatter levels (-15 dB) that are 10 — 15 dB above the expected noise level due to surface imperfections.
Dependence of degradation depth is small, but measurable. The embedding concrete introduces large losses that will
limit penetration ability. Backscatter strength was not very sensitive to frequency or angle of the transducer (< 5 dB) for
the sharp-edge degradations examined. Results indicate that acoustic imaging technology can be applied to this scenario.
For the steel-lined reinforced concrete containment scenario, the thin steel liner in conjunction with the concrete produce
unacceptably high signal losses to concrete (~100 dB). Application of acoustic imaging technology to this scenario
seems unlikely. Currently available sensors cannot be used in array configurations to interrogate a large area (global
inspection) due to their intrinsic narrow beam pattern, which does not allow steering. This limits these sensors to spot
detection and mapping scenarios, where degradation is already suspected; however, scannable sensor technology, such
as used for medical ultrasound, should be capable of being developed.

3.2.2.1.2 Experimental simulations

Based on the prior numerical simulations, the proposed solution is to propagate ultrasonic waves (either shear or
compressional), whose wavelengths are a fraction of the plate thickness, from accessible regions of a free-standing steel
containment vessel (or liner of reinforced concrete containments) laterally to detect degradations located below the air-
concrete interface (Fig. 3.15). Ideally, the reflected returns from material defects can be processed to generate an image
of the degradation. The proposed technique is known as an angle-beam inspection, where instead of placing an
ultrasonic transducer in direct contact with a test specimen, a plastic wedge is used to couple the transducer to a test
structure (Fig. 3.16). The transducer generates compressional waves in the wedge that are refracted in the test structure,
usually as shear waves. Shear waves are used because for a given inspection frequency they have shorter wavelengths
than compressional waves and therefore can resolve smaller defects. These refracted waves "skip" laterally away from
the source through the structure. When the waves encounter discontinuities, acoustic reflections occur. This technique is
often used to inspect welded joints and to determine the presence of cracks or other structural flaws. The incident waves
for this type of inspection are not typically required to propagate over considerable distances or to propagate in
constrained or embedded regions of the test structure, as required to do in order to demonstrate success in the proposed
test scenarios. Moreover, the significance of the embedding concrete on propagation of ultrasonic waves in the steel and
how well corrosive type degradations act as acoustic reflectors are unknown.

The feasibility of employing the technique under the proposed scenario therefore centers on determining ifa measurable
and decipherable signal is returned from an area exhibiting degradation (e.g., wall thinning due to corrosion). In an
effort to not only provide a basis for improving the numerical models, but also to continue the feasibility study in a more
practical forum, a series of controlled laboratory experiments was designed. The experiments attempt to limit conditions
to two-dimensional scenarios where only degradation variations in the direction of the incident wave are considered, and
flat plates can be used as propagating media. The physics side of the problem was addressed by investigating the energy
lost from the interrogating signals into the surrounding concrete, as well as characterizing acoustic scatter arising from
different defect geometries. Also of primary importance was the practical issue of determining the performance limits
exhibited by a commercially available angle-beam inspection system. The ability to discern and extract the degradation
characteristics using acoustic signals that include information about both the corrosive damage and the propagation path
are important, but at this early stage of development, a secondary concern.

Testing equipment. A completely integrated laboratory testing package (pulser-receiver electronics, acquisition
software and hardware, transducers and wedges) was provided by a commercial vendor. The testing equipment
consisted of a pulser/receiver card, a high frequency analog-to-digital acquisition board (both of which were attached to a
standard PC ISA bus), controlling software, piezoelement contact transducers, coupling wedges, and industrial grade
ultrasonic gel couplant. The transducers had a 25-mm-diameter circular radiating face that produced an estimated half-
angle beam width of just over six degrees. The transducers were tuned to 0.5 MHz, which is a relatively low frequency
for ultrasonic testing (shear wave length in steel at 0.5 MHz is about 6 mm), but allows for additional penetration. The
equipment can be utilized in either the through-transmission mode, where separate transducers act as source and receiver
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(bistatic), or the pulse-echo mode, in which a single transducer injects a wave and then passively listens for a return
(monostatic). When operated in the through-transmission mode, the source and receiver transducers are attached to
coupling wedges having the same angle. The coupling wedges are specified by the refracted shear-wave angle
(measured from the surface normal) introduced into the test structure. All the wedge angles used (45°, 60°, and 70°) were
past the compressional wave critical angle for steel (i.e., compressional waves will not be excited in the steel plate). As
the transducer does not generate a planar incident field, the energy is injected in all directions. Therefore, the main lobe
of the incident sound field does not excite compressional waves in a steel test structure, but the side lobes below the main
lobe may excite compressional waves.

The input-voltage waveform was a toneburst, with the signal length, level (in percent of maximum), and center
frequency specified by the user. The signal length used in the experiments was 4 microseconds, and the frequency was
0.5 MHz. The maximum input voltage that the pulser could generate was 300 V. Because the transducers were
uncalibrated, the relationship between input voltage and mechanical force was unknown.* The acquisition board range
was + 0.5 volts with a precision of 8 bits. The receiver gain ranged from 0 - 70 dB.

System performance and operability. The initial experimental activity consisted of verifying operability of the
equipment through conduct of a conventional ultrasonic thickness test. Figure 3.17 shows a sketch of the experiment and
the measured return. The transducer was placed in direct contact (i.e., no coupling wedge) with the longest edge ofa25-
mm thick by 203—mm wide by 914-mm long mild steel plate, for the purpose of injecting compressional waves across
the plate's width. The plate thickness was chosen to approximate that used for fabrication of steel containment vessels.
Plate width was selected so that no side interactions would take place when waves were directed down the length of the
test platform and the width-centered source and receiver were not more than 178 mm apart (124 mm for a 45°
propagation angle, 168 mm for a 70° propagation angle). Thus, where propagation distances were less than 89 mm, the
plate width was rendered effectively infinite.

When operating in a monostatic configuration as shown in Fig. 3.17, the transducer also acted as the receiver (i.e., input
and free-vibration ringdown of the piezoelectric element were both measured). This is shown as the clipped portion of
the signal before 40 microseconds (receiver gain was set to record the reflected signal from the plate's opposite edge,
which displayed significantly lower levels than signals listed above). The first returns after the source had died down
were from the direct path to the opposite edge of the plate, and they occurred at 75 microseconds. When half of this
delay (time of flight for one-way travel) was multiplied by the assumed compressional wave speed in steel (0.55 cm/(ls),
the 203-mm width was estimated to be 206 mm. Although the transducer used was not specifically designed for this
type of test, the results demonstrate a properly operating system.

The system's input/output dynamic range was experimentally determined by measuring the maximum signal that the
system could inject and the minimum signal that the system could read. Two transducers (both attached to 45 ° coupling
wedges) were placed adjacent to one another on the 25-mm-thick steel plate. With the receiver gain set to the allowed
minimum (0 dB) and the input level set to the allowed maximum (100%), the signal transmitted from one transducer to
the other was monitored. The receiver position was slowly moved away from the source until the received signal
obtained its first maximum (i.e., the receiver fell on the first "hot spot"). This was assumed to be the maximum signal
level that could be injected. The maximum measurable signal, with no receiver gain, coincidentally, just filled the
acquisition board range. The maximum measurable signal was —6 dBre. 1 volt. The source was then removed from the
plate, receiver gain maximized (70 dB), and average signal levels determined for one hundred background signal
measurements on the plate and then averaged to obtain a minimum measurable signal level (to suppress uncorrelated
sensor noise). Figure 3.18 presents the power spectral densities for the maximum and minimum signals. At 0.5 MHz,
where the source signal is concentrated, a 125 dB difference can be seen. This difference represents the system's
input/output dynamic range.

In order to attribute differences in measured signals to physical effects, measurement repeatability was quantified. The
tests were performed on vertically oriented plates to incorporate any problems associated with fixing the transducers in
this orientation. The tests involved measuring the transmitted signal from one transducer to another for several different
relative separation distances. Transmitted signals were recorded over a three-day period on three plates, with a total of
nine measured signals obtained at each separation distance. Of the nine measured signals at each separation distance, the
ratios of the maximum to minimum received signal levels were determined and the results are presented in Fig. 3.19 for
five different source/receiver separation distances. The plot indicates a maximum variability of 2 dB, thus indicating that

* More expensive pulser/receiver cards that can generate inputs of 1000 V are commercially available.
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measured differences greater than 2 dB could be attributed to effects outside of pure chance.

Source and waveguide characterization. In order to accurately image the location and shape of a degradation, the
distortion caused by wave guide propagation of unfocused incident waves must be considered. For this purpose,
numerical modeling can be an invaluable tool, however, the modeling assumptions are critical. Therefore, as a basis for
refining the numerical modeling assumptions, wave guide effects on signal propagation were addressed by a series of
tests.

Using one transducer as a source and a second as a roving receiver (both transducers fixed to a 45° coupling wedge), a
bistatic array was simulated. By doing so, the incident wave interactions with the plate's edges could be effectively
monitored as the wave propagated down the plate. The experimental setup for monitoring forward-travelling waves in a
plate is shown in Fig. 3.20. Combined envelopes of received signals at several locations relative to a fixed source are
presented in Fig. 3.21. Image brightness is proportional to the envelope of the received signal level. Several results that
can be derived from this experiment are:

i "Hot spots", seen as bright features, correspond to structural wave interactions with the measured surface.
These features appear with regular spatial periodicity corresponding to the “skip length” of a 45° incident
signal.

. The magnitudes of the hot spots diminish as the receiver is moved further from the source. Table 3.6

summarizes spreading loss values. Spreading losses at 254 mm are about 8 dB (this accounts for incident
coupling losses as well) and for every additional 254 mm of propagation distance, 6 dB of spreading loss
occurs (note that these propagation distances are measured along the plate and are based on injection
through a 45° coupling wedge, for the 70° wedge the spreading losses must be scaled by sin70°/sin 45° =
1.33). Because there is no strong evidence of scattering to non-specular waves due to surface interactions,
the edge reflections must be "specular"” (i.e., similar to a pool ball bouncing off the edge of a pool table).
Consequently, the measurement noise floor due to spurious reflections from surface imperfections should
be low.

Figure 3.22 shows the results of a similar series of tests measuring the backward-travelling wave signal reflected from
the plate’s opposite edge. The “packets” of signal comprising the reflected returns have now been spread over time due
to geometric spreading and multi-bounce interference. Although even in the ideal case of an edge reflector it is difficult
to determine the exact position of the reflector in any given time signal, the signal “packets” plotted together "point" to
the reflector.

Assessment of signal loss components. Figure 3.23 presents a schematic of the test setup used to study the signal levels
returned from “artificial” degradations of various shapes. The artificial "degradations" are uniform cross-section slots,
either rectangular, rounded, or “V” shaped, cut across the plate’s 203-mm width. Because side interactions are
intentionally avoided, the degradations are rendered effectively two-dimensional. All of the degradations were 4—mm
deep by 10-mm wide. Monostatic returns were measured at several distances from each slot’s leading edge. Figure 3.24
shows a sample return signal from a rectangular slot. The reflected signal "level" is defined as the maximum value in the
signal packet that is assumed, by simple time gating procedures, to have emanated from the slot.

Figure 3.25 presents reflected signal levels at several source locations relative to the slot geometry. For the 45° coupling
wedge, the returns from the rectangular slot were, averaged over source location, around 1 dB higher than those from the
rounded slot and 4 dB higher than those from the "V" shaped slot (Fig. 3.25a). For the 70° coupling wedge, the
differences were 5 and 9 dB, respectively (Fig. 3.25b). When an increase in received signal level was obtained at a
position located a greater distance from the notch leading edge this was due to the location’s proximity to a hot spot.
These results include the effects of geometric spreading, which are greater for the 45° coupling wedge than for the 70°
wedge because the path to and from the slot is longer for the deeper angle. A more thorough analysis of the measured
differences would incorporate advanced acoustic scattering theories that were beyond the scope of this study.

Itis useful to develop an average "reflection coefficient" for the rectangular notch, where the reflection coefficientis the
ratio of incident to reflected signal level minus geometric spreading. For sources located in a continuous three-
dimensional medium, the spreading loss is inversely proportional to the distance from the source and is termed spherical
spreading. For sources located in a continuous two-dimensional medium, the spreading loss is inversely proportional to
the square root of the distance from the source and is termed cylindrical spreading. Because the geometric spreading
estimates account for incident coupling losses, removal of the spreading loss from the measured signal levels generates a
useful result based on the maximum measurable signal. The average reflection coefficient for the rectangular notch

68



using the 45° coupling wedge is about —23 dB and for the 70° coupling wedge about —23.5 dB. By comparing the
reflected returns from notches of various cross-sections to those from the rectangular cross-section, this result can be
used as a basis for estimating reflection coefficients for other notch shapes. Figure 3.26 presents examples of the time-
windowed returns reflected from the three different notch geometries. A comparison of these returns reveals that the
arrival times of the reflected signals are very nearly equal despite the fact that the reflected fields from each notch
geometry are theoretically markedly different. The implication here is that the component of the reflected signal
propagating at 45° is biasly received, while other propagation angles are filtered out to varying degrees. Consequently,
the scattered field is measured at very nearly a single angle. Without measuring the entire field it will be difficult to
make statements on the character of the reflector. Phased array receivers can be used to effectively sample the scattered
field over a much wider band of angles (3.15).

Reflected signal levels were also used to investigate the effect of degradation depth. Figure 3.27 shows a sketch of the
notches were used in this test. All notches were rectangular in shape, 10-mm wide, and had notch depths of either 4, §,
or 12 mm. Differences in reflected signal at several source locations relative to the notch for both a 45° and 70° coupling
wedge pair are presented in Fig. 3.28. For the 45° coupling pair (Fig. 3.28a), the returns from the 4-mm-deep notch are,
averaged over source location, around 3 dB lower than those from the 8-mm-deep notch and about 6 dB lower than those
from the 12-mm-deep notch. This trend is as expected, as deeper notches project a greater area of acoustic impedance.
Figure 3.28b shows the reflected signal levels from the three different notches using a 70° coupling wedge pair. The
resulting trend for this case is not as expected. For some source-receiver separation distances the reflected returns from
the shallowest notch are actually greater than those received from the deepest notch. The odd trend was qualitatively
observed over a broad range of separation distances, eliminating skipping effects as a possible explanation. The
explanation for these results may, again, only be realized after incorporating advanced scattering theories, which was
beyond the scope of this study.

Concrete effects. The final series of tests to assess the individual components of signal loss involved measuring the
effect that concrete has on waves travelling in an embedded plate. Figure 3.29 shows the wooden molds that were built
to allow the midsection of steel plates to be embedded in concrete. To determine the effect that bond quality had on
induced losses, one of the plates was wrapped with a single layer of 4-mil-thick plastic sheet prior to casting to prevent
bonding between the concrete and plate ("unbonded"). Two other plates were cast without the plastic sheet to permit
bond development between the concrete and plates (“bonded”).

Figure 3.30 presents a simplified schematic of the test setup for the concrete effects tests. The source transducer
location, s, was varied from 6.3 cm to 11.4 cm in 1.27-cm steps in order to sufficiently sample one half of a skip length
for a 45° coupling wedge. A receiving transducer maintained at a fixed position was used to monitor the signal that
propagated through the plate. The received signal level was defined as the maximum value in the incident signal packet
that arrived at the receiver. Figure 3.31a presents the maximum value in received signal level for the three free-standing
plates prior to their embedment in concrete using an input source positioned at several locations. As expected, there was
only minimal variation from plate to plate and the plastic wrap had no noticeable effect. Figure 3.31b presents results
after embedding the midsections of the three plates in concrete. The two “bonded” plates display a significant loss in
signal level (30 dB, or 1.6 dB per centimeter of two-way travel), while the “unbonded” plate signal level remained
relatively high, incurring virtually no losses. Note that the results for the “bonded” plates are very similar, with the
differences being attributable to a combination of measurement and concrete bond variations. These results show that
the interface, or bond, between the concrete and steel plays a critical role in determining the proportion of energy lost
from waves travelling in the steel.

Figure 3.32 presents the effect of wedge coupling angle on received signal levels for a plate after it was embedded in
concrete (bonded). The 70° coupling wedge shows transmitted signal levels that are roughly 4 - 5 dB higher than those
received using the 45° coupling wedge. Assuming that both wedges couple equally well to the test structure, this result is
to be expected because the incident wave injected by the 70° coupling wedge experiences fewer interactions with the
concrete-steel interface due to the longer skip distances.

Results of the concrete-effects tests show that characterizing degradation based on reflected returns may be difficult,
even if its position can be determined. The propagation path plays a prominent role in determining the level of the
returned signal. Path conditions cannot be well known without destructive testing. Also, the overall level of the
reflected returns cannot be used (for the system and procedure employed here) to confidently characterize degradation
located below the air/concrete interface.
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Implications of masking signals. To determine the role that competing signals may play in dictating the technique's
feasibility, a simulated field condition was tested. Figure 3.33 shows the test setup. Signals reflected from a 4-mm deep
rectangular notch located 127 mm from the air-concrete interface were measured and compared to those obtained with no
concrete present.

Previous tests indicated that the source “self-noise” tended to mask low-level returns. Mechanisms of source “self-noise”
are illustrated schematically in Fig. 3.34. As noted in the figure, the incident signal:

* couples to an injected shear wave,

* reverberates inside the wedge due to the surface reflection from the wedge-test structure interface and the
side lobes "spraying" the sides of the wedge,

*  bounces repeatedly across the thickness of the test structure directly under the wedge, and

* couples to other wave types, such as surface and compressional waves.

By altering the test setup to that shown in Fig. 3.35, where a second transducer is used to receive the reflected returns
(bistatic condition), the inner wedge reverberant field and the through-thickness standing echoes are eliminated. This is
illustrated in Fig. 3.36 which shows the reflected signals received for the 70° coupling wedge located 203 mm from the
notch's leading edge for three cases: monostatic measurements with no concrete; monostatic measurements with
concrete; bistatic measurements with concrete. As shown by the middle plot, the additional receiver gain needed to
monostatically measure the return reflected from the notch embedded in concrete causes the previously low-level source
self-noise to now completely mask the return. When the returns are measured bistatically (bottom plot), the source self-
noise is suppressed and the returns from the notch are apparent. Without this simple procedural alteration, the inspection
technique would not be able to clearly detect returns from the notch. Based on results from the signal loss component
experiments, the reflected signal for the embedded case should be about —51 dB (9.4 dB of spreading loss, -23.5 dB
reflection coefficient, 18 dB of loss to concrete) down from the maximum measurable signal (-6 dB). It was measured at
50.5 dB, thus supporting the signal loss estimation technique.

Figure 3.37 shows in greater detail the bistatically-measured return from the rectangular notch in the plate embedded in
concrete. Although the return from the notch is evident, there are still competing return signals (occurring between 50
and 130 microseconds) that have not been eliminated by using a bistatic approach. These returns would normally be
considered secondary, but because the peak in the reflected signal packet from the notch is suppressed by the effect of
the concrete, they are now down only 6-10 dB (linear factor of about 2-3). It is interesting to note that the reflected
signal builds somewhat sharply at around 60 microseconds. This time delay corresponds very nearly to the time it would
theoretically take a compressional wave propagating directly down the plate's axis to traverse to and from the notch's
leading edge. Thus, it appears as though an incident side lobe has coupled to a compressional wave in the steel plate.
These signals could be considered a localizing aid as opposed to competing signals, as the compressional signal returns
are down by a linear factor of 3 (or 9.5 dB) relative to the reflected shear wave field. An important point is that if a
competing signal can be identified, then it in all likelihood can be removed from the return signal during post-processing.

In light of this observation, the through-transmission tests to determine the effect of the embedding concrete were
rescrutinized. Figure 3.38 shows (from top to bottom): the transmitted signal through a free plate without concrete, an

unbonded plate embedded in cured concrete, and a bonded plate embedded in cured concrete. As shown by Fig. 3.38's
top and middle plots, the effect of the plastic wrap was to virtually eliminate additional losses imposed by the embedding
concrete. Also, the character of the transmitted signal for these two conditions was not altered significantly. However,
as noted in the bottom plot in this figure, the character and overall level of the transmitted signal through the bonded
embedded plate does change. Thus it appears as though the transmitted shear wave, which skips down the plate and
therefore interacts repeatedly with the concrete interface, is affected by the concrete to a much greater degree than waves
propagating directly down the axis of the plate. As the degradation distance below the air/concrete interface increases,
effects of the concrete will act to suppress the returned shear wave field, which propagates at an angle to the plate
surface, to levels below the returned compressional wave field, which propagates parallel to the plate surface. By using
signals that are directed down the axis of the plate at angles deeper than 70°, the return signal level's strong dependence
on path conditions may be suppressed.

Conclusions from experimental simulations. The experiments performed were designed to assess the performance of
acommercially available fully integrated angle-beam inspection system, and to investigate the propagation physics that
govern the use of angle-beam inspections. The measurement system displayed an input/output dynamic range of 125 dB.
Therefore, in the absence of competing signals, 105 dB of losses can be incurred while still maintaining a 20 dB signal-
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to-noise ratio. The mild steel plates used in the experiments propagated signals as if they were effectively free of surface
imperfections, which would otherwise act as random scatterers. Under similar conditions, the surface generated noise
baseline due to surface flaws should be minimal. Results obtained from rectangular, rounded, and “V” shaped notches
provide a preliminary basis for estimating reflected signal levels from a vast array of two-dimensional degradations.
Results for the steel plates embedded in concrete indicate that an additional 1.6 dB and 1.4 dB of signal loss is incurred
for each centimeter of two-way signal travel when using 45° and 70° coupling wedges, respectively. Thus, waves
directed at shallow angles are least affected by the concrete, regardless of coupling condition, and may be of more value
for the inspection scenario of interest. Steel plates that are not bonded to concrete show virtually no additional losses
compared to free plate signal losses; however, if fluids are present at the interface between the concrete and steel plate,
increased signal losses will occur. Results from the signal-loss component experiments provide a basis for estimating the
total loss induced on an incident signal for many scenarios (e.g., in the absence of competing signals, a 4-mm-deep
rounded degradation located 30 cm below the air/concrete interface for the steel containment scenario should be
detectable using a 70° coupling wedge because 50 dB of signal-to-noise ratio remains after estimated losses of 73 dB).
Competing signal environments (e.g., compressional wave field) may mask the signal return to make defect detection
difficult; however, use of bistatic measurements and discrimination techniques can minimize or eliminate competing
signals.

3.2.2.2 Magnetostrictive sensors

Magnetostrictive sensors (MsS) are devices that launch guided waves and detect elastic waves in ferromagnetic materials
electromagnetically to determine the location and severity of a defect based on timing and signal amplitude. The
magnetostrictive force refers to the force that acts in ferromagnetic material due to strains associated with magnetic
domain motion (3.20). Figure 3.39 presents a schematic diagram of MsS used for generation and detection of guided
waves in a pipe (3.21). With MsS, the magnetostrictive force is produced directly in the part under inspection by setting
the magnetic domains in the material into a vibrational motion by applying alternating magnetic fields to the material.
For piping, the magnetic fields are applied by supplying an alternating electric current to the MsS coil that encircles the
pipe. This magnetostrictive force generates the guided waves. Detection of the guided waves is achieved by the reverse
process where the guided waves cause domains to vibrate and, consequently, cause the magnetic induction of the
material to change with time. The changing magnetic induction induces an electric voltage in the MsS coil. The
magnetostrictive force is independent of the sign of the applied magnetic field and is in the direction of the applied field.
Therefore, in the absence of a static bias magnetic field, the alternating magnetic field results in generation of guided
waves of twice the frequency of the applied magnetic field (3.11). To produce the wave of the same frequency and to
enhance the efficiency of the sensor (which is proportional to the magnetostriction coefficient), a static magnetic field is
also applied to the material (3.21,3.22). The technique is noncontact, couplant free, and requires minimum surface
preparation. In addition, the technique has a sensing or inspection range from a single sensor location that can exceed
several hundred feet on bare metals, the sensor can detect defects on the inside and outside diameters of pipe surfaces,
and it can inspect structures whose surfaces are not directly accessible due to the presence of paint or insulation. For
noncontact applications, the technique is limited to ferromagnetic materials. Its primary application has been to piping
systems.

A preliminary study has been conducted by Southwest Research Institute (San Antonio, TX) to investigate the feasibility
of applying magnetostrictive sensor technology to inspection of plate-type materials and evaluate its potential for
detecting and locating thickness reductions in the containment metallic pressure boundary resulting from corrosion
(3.23). This study has involved both modeling and experimental studies. Also preliminary MsS system requirements for
containment inspection have been developed.*

* Since completion of this study, a follow-on study was funded by the Electric Power Research Institute at Southwest
Research Institute. Possible limitations of the MsS inspection technique caused by the presence of concrete were
investigated in the laboratory by testing samples of a 1.22 m by 6.1 m by 6.4-mm-thick steel plate embedded in concrete.
It was found that the concrete significantly increased the guided wave attenuation. In the A0 wave mode at relatively
low frequency (e.g., below 25 KHz) relatively large defects could be detected at distances to a few feet. If the concrete
was not bonded to the plate there were no measurable effects of the concrete on wave attenuation. More detailed results
of this investigation are available in EPRI Report 1000105, “Experimental Validation of Concrete Effects on Guided
Waves in Plates,” published 19 December 2000. Since completion of the EPRI-funded study, the MsS technology has
advanced significantly. For long-range plate inspection the technology now primarily uses shear horizontal (SH) waves
because they provide better inspection results than Lamb waves (due to dispersion and extraneous wave mode
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3.2.2.2.1 Modeling studies

Dispersion properties of Lamb waves, which refer to longitudinal guided waves in plates, were investigated theoretically
using a general-purpose software package called DISPERSE (3.24, 3.25) (Imperial College, University of London).
Using this software package, dispersion curves of Lamb waves were calculated for three different boundary conditions—
free boundary, one side in contact with concrete, and both sides in contact with concrete. Table 3.7 presents the material
property values used in the calculations (3.25). In the modeling studies the plate was assumed to be 12.7 mm thick, and
the concrete was assumed to be infinitely thick and perfectly bonded to the plate.

Modeling results. Figure 3.40 presents calculated dispersion curves of longitudinal guided waves for a plate that is free,
backed by concrete on one side, and backed by concrete on both sides. The vertical axis represents the group velocity of
the wave expressed in units of mm/psec, where 1 mm/usec is equivalent to 10° cm/sec. The horizontal axis represents
the product of the wave frequency and the plate thickness expressed in units of MHz-mm. The use of the frequency-
thickness product in the horizontal axis normalizes the effects of plate thickness on the dispersion curves and makes the
plots valid for plates of arbitrary thickness (e.g., the 1 MHz-mm point in the horizontal axis corresponds to 1 MHz of
frequency in a 1-mm-thick plate, or 100 kHz of frequency in a 10-mm-thick plate). Curves indicated by SO, S1, and S2
are those for the first three symmetric (S) wave modes. Curves indicated by A0, A1, and A2 are those for the first three
antisymmetric (A) wave modes. With respect to the median line of the plate thickness, the displacement of S wave
modes has a symmetric distribution, whereas that of A wave modes has an antisymmetric distribution, as illustrated in
Fig. 3.41.

For cases where the plate is backed on one or both sides by concrete, the DISPERSE program became somewhat
unstable, so the calculation was performed for only SO, A0, and A1 modes. Comparing the plots in Fig. 3.40 for the
three plate conditions, the minimum velocity of the SO mode increased from approximately 1.8 mm/psec in (a) to 2.05
mm/psec in (b), and then to 2.4 mm/psec in (c). Also, comparing the A0 mode velocities for the free plate and plates
backed by concrete, there was only a slight decrease (i.e., no more than 0.3 mm/usec) in the low-frequency range (i.e.,
below 1 MHz-mm). Overall, the effect of concrete on the group velocity appears to be relatively small.

In addition to dispersion curves, the DISPERSE program calculates wave attenuation. Results for a plate backed by
concrete on one side and on both sides are shown in Figs. 3.42(a) and 3.42(b), respectively. It was assumed that the
attenuation in the plate material was negligible and, thus, the free plate had zero wave attenuation. The attenuation plots
in Fig. 3.42 therefore represent the energy loss into the surrounding concrete. In these plots, only A0 and SO modes are
shown. Attenuation of other modes was much higher and out of range of the plot. The plots show a large increase in
attenuation when the concrete was placed on one side of a plate. As might be expected, the effect of concrete on
attenuation increased by a factor of two or more when the concrete was placed on both sides of the plate. The plots also
show that attenuation was significantly less for the A0 mode than for the SO mode. Interestingly, the plots show
negligible attenuation for the A0 mode when the frequency-thickness was less than about 0.55 MHz-mm. According to
these results, the A0 mode would be better than the SO mode for long-range inspection of plates backed by concrete on
one or both sides. Particularly, if the frequency of the A0 mode is less than 0.55 MHz-mm, no reduction in the
inspection range due to concrete-induced attenuation is expected to occur (e.g., in a 12.7-mm-thick plate, this frequency
corresponds to less than about 43 kHz).

The guided wave loses its energy into the surrounding concrete by generating both shear and compressional waves at the
plate and concrete interface that propagate away in the concrete medium. The propagation angle, 0, of these waves is
governed by Snell’s law

0 =sin" (V./V,) (3.2)

where V. is the velocity of a bulk (shear or compressional) wave in the concrete, and V,, is the phase velocity of the
guided wave in the plate. If V,, is less than V., then 6 would be imaginary. This means that the bulk wave in the
concrete cannot be generated, and consequently the energy of the guided wave would not be leaked away and there
would be no increase in guided-wave attenuation. Below 0.55 MHz-mm, the phase velocity of the A0 mode is
smaller than the velocity of the shear (and compressional) wave in concrete. This explains why the attenuation of
the A0 mode is negligible in that frequency region, even if the plate is backed by concrete on both sides.

generation). Also, a thin-strip-shaped MsS probe has been developed that can be permanently bonded to a structure’s
surface for active structural health monitoring of large structures (e.g., a steel containment).
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Conclusions from modeling studies. The validity of the DISPERSE program calculations for simple geometries such
as pipes and plates has been well confirmed experimentally. Although its validity for complicated geometries such as a
plate backed by concrete on both sides has yet to be confirmed, it appears possible to achieve long-range inspection
under this scenario using a low-frequency A0 wave mode.

3.2.2.2.2 Experimental studies

For generation and detection of guided waves in plates, the MsS design shown schematically in Fig. 3.43 was used
(3.26). The probe consisted of a stack of U-shaped cores (e.g., made of ferrite) and a coil wound on the core. When an
alternating electric current was supplied to the probe, an alternating magnetic field was applied to the plate underneath in
the widthwise direction. The applied magnetic field generated guided waves in the plate that propagated in the same
direction. Guided wave detection was achieved by the reverse process in which the alternating magnetic induction of the
plate caused by the guided waves was electromagnetically coupled to the core material and a voltage signal induced in
the coil. In addition to the MsS probe, a device was added (i.e., permanent magnets) to apply the required static bias
magnetic field to the plate.

Experimental arrangement and procedures. The overall experimental setup is shown in Fig. 3.44. A carbon steel
plate (ASTM A-36), approximately 6.35-mm-thick by 1.23-m-wide by 6.11-m long placed on two wooden supports, was
used as the test article. Due to its weight, the plate arched somewhat toward the floor. The transmitting and receiving
MsS probes were approximately 30 cm long and 2.5 cm wide. The length of the probe was aligned parallel to the width
of the plate so that the wave was launched in the lengthwise direction of the plate. Static magnetic fields were applied in
the lengthwise direction of the plate using permanent magnetic circuits. Excitation and detection of guided waves were
accomplished using an instrument called the “magnetostrictive sensor reflectometer (MsSR),” that had been developed
by SwRI for piping inspections. A photograph of the overall experimental arrangement is shown in Fig.3.45.

Initial activities addressed the capability of the MsS to generate and detect guided waves. Both the pitch-catch and
pulse-echo techniques were employed for data acquisition. For the pitch-catch technique, the transmitting MsS probe
was placed near one end of the plate and the receiving probe near the mid-length location of the plate. For the pulse-
echo technique, both probes were placed near one end of the plates (Fig. 3.44). After investigating guided-wave
generation and detection capability using the pitch-catch technique, the feasibility of detecting defects in the plate was
investigated using the pulse-echo technique. For this purpose, a notch was machined into the plate at a position
corresponding to approximately 2/3 the plate length (Fig. 3.44). The notch was approximately 3-mm deep by 6-mm
wide, and a length that was changed from 10 to 30 cm in 10—cm increments to evaluate the relationship between notch
length and signal amplitude. A photograph of the 30-cm-long notch is shown in Fig. 3.46.

Experimental results. As noted, the experimental studies addressed the generation and detection of guided waves in
plates, and the capability to detect defects in a plate.

Guided wave generation and detection. An example of data obtained from the plate sample using the pitch-
catch technique is shown in Fig. 3.47. The data were taken with the transmitting and receiving probes placed at
approximately 5 cm and 2.73 meters from one end of the plate, respectively. The transmitting probe was excited with a
3-cycle-long, 60 kHz sinusoidal pulse. The detected signals after the initial pulse were relatively complex. To identify
each of the detected signals by observing their dispersion characteristics (3.18), the short-time Fourier transform (STFT)
was performed on the time-amplitude data in Fig. 3.47, and the results are presented in Fig. 3.48. In this figure the
logarithms of the absolute values of the STFT are shown as gray-scale images (the brighter image, the larger the
amplitude of the spectral component). The time evolution of each frequency component comprising the detected signals
can be observed and used to study wave dispersion (3.27).

From the data in Fig. 3.48, the highest frequency component contained in the signals in Fig. 3.47 was no more than about
120 kHz. Referring to the dispersion curves for a free plate given in Fig. 3.40(a), the above frequency corresponds to
about the 0.76 MHz-mm point in the frequency-thickness axis. Over that frequency range, there are only two possible
longitudinal guided waves—the lowest order symmetric wave mode (S0) and the lowest order antisymmetric wave mode
(A0). According to the dispersion curves in Fig. 3.40(a), the group velocity of the SO mode over that frequency range is
approximately constant (e.g., 5.44 x 10° cm/sec at 20 kHz, 5.42 x 10° cm/sec at 60 kHz, and 5.38 x 10° cm/sec at 100
kHz ), whereas that of the A0 mode increases rapidly with frequency (e.g., 1.98 x 10° cm/sec at 20 kHz, 2.81 x 10°
cm/sec at 60 kHz, and 3.10 x 10° cm/sec at 100 kHz).
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Based on the expected behavior of the SO and A0 modes, the curved lines in Fig. 3.48 are easily identified as the A0
mode. They are curved to the right because the lower frequency components have a slower group velocity and thus
arrive at the receiving MsS probe later in time than the higher frequency components. The second signal after the initial
pulse in Fig. 3.47 is then identified as the A0 mode that was detected when the wave reached the receiving probe while
traveling toward the far end of the plate. The subsequent A0 mode signals are those that were detected after the wave
was reflected from the far end of the plate sample and was traveling back and forth between the two ends. The pulse
length of the A0 mode signals gets longer with time because of the dispersion. Using the first and third A0 mode signals
in Fig. 3.48, the round-trip time of the wave was measured at 6.150 msec at 20 kHz and 4.305 msec at 60 kHz. The
corresponding group velocity is then 1.99 x 10° cm/sec at 20 kHz and 2.84 x 10° cm/sec at 60 kHz, respectively, which
agrees well with the calculated values given earlier.

The straight lines in Fig. 3.48 are identified as those produced by the SO mode. The lines are straight because the SO
mode has an approximately constant velocity and thus is nearly dispersionless over the frequency range investigated.
The signal after the initial pulse in Fig. 3.47 was identified as the SO mode, detected when the wave reached the
receiving probe while traveling toward the far end of the plate. Excluding those identified as A0 signals, all subsequent
signals in Fig. 3.47 should therefore be SO mode signals.

Unlike the A0 mode signals, however, there were more SO mode signals than the number that would be normally
expected when the wave travels back and forth between the two ends of the plate sample. Based on the calculated group
velocity of the SO mode and the position of the receiving MsS probe, the signals that occur at normally expected arrival
times are identified and indicated as SO in both Figs. 3.47 and 3.48. The other signals that occur at abnormal arrival times
were unexpected. These signals first appeared after approximately 0.31 msec from the second normal SO signal (that
was detected while the wave was traveling back after reflection from the far end of the plate sample). With increasing
travel time, the occurrence of the abnormal signals became more frequent. They also occurred at a regular interval of
approximately 0.31 msec.

An investigation of the possible cause of the abnormal SO signals led to the following conclusions: (1) the phenomenon
is exactly analogous to the generation of multiple secondary echoes that trail the backwall echo with a regular interval
when an ultrasonic beam is propagated along the length of a narrow test piece (3.28), and (2) it is a result of mode
conversion at the lateral boundaries of the plate sample. Figure 3.49 illustrates the mechanism that produced the
abnormal SO signals. Assume that the longitudinal (L) wave generated by the MsS probe is propagated in the lengthwise
direction of a finite size (a x d) plate. Since the probe is finite in length, the L wave beam spreads laterally as it
propagates along the lengthwise direction of the plate. Some of the wave on the outskirts of the beam will eventually hit
the lateral boundary of the plate at an angle 8. A portion of the L wave is then mode-converted to a shear-horizontal
(SH) wave (3.29) and travels across the width of the plate at an angle Bsy following Snell’s law:

sin eSH / sin BL = VSH / VL (33)

where Vsyand Vi are the phase velocities of the SH and the L wave modes, respectively. When the SH wave arrives at
the other side of the plate, a portion of it converts back to the L wave mode while the remaining portion of the wave is
reflected back toward the other side of the plate. The portion of the beam that has gone through this mode-conversion
process arrives at the probe later than the other portion of the beam that has traveled to the other end of the plate and
returned without going through the mode conversion. In the case of grazing incidence, where 0y is approximately equal
to 90°, the time separation At between the two is given approximately as (3.28),

2
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where v is the group velocity of the L wave mode. For Vgy=3.26 x 10° cm/sec, Vi =5.43 x 10° cm/sec, and v, = 5.42
x 10° cm/sec for the SO wave at 60 kHz, and d = 1.23 m for the plate sample, At =0.30 msec, which compares well with
approximately 0.31 msec separation observed experimentally. A portion of the SH wave that is reflected back toward
the other side of the plate is again mode-converted to the L wave and returns to the probe. Since this wave has traversed
the plate width twice, its arrival time is delayed by another At. By repeating the process, a series of abnormal signals is
thus produced.
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In summary, the data in Fig. 3.47 show that both the SO and the A0 wave modes can be generated and detected using the
MsS probe. Since the first A0 signal is larger in amplitude than the first SO signal, the probe design used in this
experiment appears to be more effective in generating the A0 wave mode than the SO wave mode. The tendency of the
probe to simultaneously produce both modes is not a significant concern because the primary wave mode generated and
detected can be controlled by applying a phased-array principle using multiple probes.

Defect detection. Before inducing a notch in the plate sample, data were acquired from one end of the test
article using the pulse-echo technique while controlling the MsS probes to generate and detect either the SO or the A0
wave mode. Mode control was achieved using a total of three MsS probes (one for transmitting and two for differential
receiving) whose relative positions from each other and from the probe end of the plate sample were adjusted to
maximize the signal amplitudes of the desired wave mode. Figure 3.50 presents the resulting data for the SO mode and
the A0 mode waves. The data in Fig. 3.50(a) were obtained by exciting the transmitting MsS probe with a 5—cycle, 40-
kHz sinusoidal pulse. The data in Fig. 3.50(b), on the other hand, were obtained by exciting the transmitting MsS probe
with a 2-cycle, 20-kHz sinusoidal pulse. The SO mode data in Fig. 3.50(a) show the secondary signals after each end-
reflected signal. These secondary signals, produced by mode conversion at the lateral boundaries of the plate sampled
together with the unsuppressed A0 mode signals, make the signal pattern complicated. For long-range inspection of a
large welded-plate structure (e.g., nuclear power plant concrete containment liner) using the SO mode wave, secondary
signals produced from the welds may interfere with defect detection. Because of the mode-converted secondary signals
and the presence of unsuppressed A0 mode signals, the attenuation of the SO mode wave in the plate material is difficult
to determine from the data in Fig. 3.50(a). However, the apparent wave attenuation (which includes the loss due to beam
divergence) may be determined by using the amplitudes of the first arriving signals of the end-reflected signals. The first
arriving signals represent the waves that traveled along the straight path normal to the MsS probe. Secondary signals
represent the waves that diverged from the straight path and, thus would be lost. Using the amplitudes of the first
arriving signal of the first and second end-reflected signals, the apparent attenuation is determined to be approximately
0.33 dB/m.

The A0 mode data in Fig. 3.50(b), unlike the data in Fig. 3.50(a), show a relatively simple signal pattern. The data also
exhibit low-amplitude SO mode signals that were not completely suppressed. The unsuppressed SO mode signals form
most of the background noise signals. Due to the dispersion of the A0 mode, the pulse length of the A0 signals is
elongated with time and it is interesting to observe that the second end-reflected signal is larger in amplitude than the
first signal. The same behavior is also observed with the A0 mode signals in Fig. 3.50(a). The cause of this erratic
behavior is presently uncertain. Using the first and the third end-reflected signals, the attenuation coefficient of the 20-
kHz A0 wave was determined to be approximately 0.086 dB/m.

Operating the MsS probes to generate and detect one of the SO and A0 mode waves, data were acquired after inducing a
10-cm-long notch at 4.06 meters from the probe end of the plate. This process was then repeated after increasing the
notch length to 20 cm and then to 30 cm. Notch depth was kept at approximately 50 percent of the plate thickness.
Results are shown in Figs. 3.51 and 3.52 for the 40-kHz SO mode wave and the 20-kHz A0 mode wave, respectively. In
both cases, the signals from all three notches were observable, indicating that long-range guided-wave inspection of
plates using the MsS technique is feasible. Figure 3.53 presents plots of defect signal amplitude versus the notch length.
As in the case of guided-wave inspection of piping (3.30), the amplitudes of the defect signals increase approximately
linearly with notch length, also indicating the feasibility of determining the severity of a defect from the defect signal.
The amplitude of a signal from a reflector, such as a notch or corrosion, is proportional to the cross-sectional area of the
defect (in the plane normal to the guided wave beam propagation) relative to the total beam width of the interrogating
guided wave. Therefore, the product of both length and depth of a defect influences the defect signal amplitude.
Consequently, separate determination of both length and depth of a defect from a single data trace is not generally
feasible. However, since the relative area of a given-size defect to the total beam width of the guided wave will vary
with the mode and frequency of the guided wave employed for inspection, the signal amplitude from the same defect will
also vary. The marked difference in the amplitude of the 30-cm-long notch relative to the end-reflected signal amplitude
in Figs 3.51 and 3.52, for example, confirms the variation of the defect signal with the guided wave mode and frequency
used for detection (in this case, 40-kHz SO mode and 20-kHz A0 mode). Taking advantage of this variation, it appears
feasible to separately determine both the depth and the length of a defect by combining two or more sets of data taken
using different guided wave modes and frequency.

Assuming that the signal-to-noise ratio required for detection is 6 dB and that the defect signal amplitude is linearly
proportional to the notch length, the minimum detectable length of a 50-percent wall notch can be estimated using the
data in Fig. 3.53 and a simple linear interpolation. For example, assume that the defect is located approximately 4 meters
from the MsS probe, as in the test setup used in this investigation. In order for a defect to be detectable, its signal
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amplitude is required to be at least twice (i.e., 6 dB) that of the background noise level. Based on the background noise
level and the notch signal amplitude plots in Fig. 3.53, the minimum detectable length of a 50 percent through-wall notch
is estimated to be about 10 cm for the 40-kHz SO wave and about 1.5 cm for the 20-kHz A0 wave. If the defect is
located at a distance of 15 meters from the MsS probe, the defect signal amplitude would be further reduced by the wave
attenuation over that distance, which is equal to 0.33 dB/m x 2 x 15 m = 10 dB for the 40-kHz SO wave and 0.086 dB/m
x2x 15m=2.58 dB for the 20-kHz A0 wave. The minimum detectable notch length at the 15-m distance is then about
4.4 cm for the 40-kHz SO wave and about 1.8 cm for the 20-kHz AQ wave. Although the data in Fig. 3.53 show that the
A0 wave is much better than the SO mode for defect detection, this may not be true since the background noise level can
be reduced, particularly for the SO mode, by improving the MsS probe. For the same cross-sectional area of defect, the
signal amplitude from a corrosion pit is generally equal to or larger than the signal amplitude from a notch (3.30).
Therefore, the results obtained with the 20-kHz A0 wave suggest that a 50-percent through-wall, 1.8-cm-diameter
corrosion pit located within a 15-meter distance could be detectable using the MsS technique.

Referring to the 40-kHz SO wave data in Fig. 3.51, there was also a secondary notch signal that was produced by mode
conversion at the lateral boundaries of the plate sample. The presence of the notch did not seem to affect the end-
reflected signal significantly; but it produced a noticeable reduction in the amplitude of the secondary end-reflected
signals, indicating that the notch reflects a substantial portion of the mode-converted SH wave while the wave traverses
the plate.

The effect of the notch on the end-reflected signal of the 20-kHz A0 wave data in Fig. 3.52 is dramatic as its peak-to-
peak amplitude is reduced from approximately 0.27 volts with a 10-cm-long notch to 0.12 volts with a 30-cm-long notch.
The influence of the notch on the end-reflected signal is understandable since the beam divergence angle of the A0
mode is relatively small. Therefore, when a notch becomes significantly long relative to the width of the outgoing beam,
a significant portion of the outgoing beam is reflected from the notch, which substantially reduces the amount of beam
reaching the far end of the plate.

Conclusions from experimental studies. Results indicate that (1) guided waves have potential for performing global,
long-range inspections of plates and plate-like structures such as the metallic pressure boundary of nuclear power plant
containments, and (2) guided waves are expected to work well for inspection of plates backed by concrete on either one
or both sides. For a given MsS probe size, the beam-divergence angle is significantly smaller for the A0 mode wave
than the SO mode wave. Because of the smaller beam divergence and associated benefits such as a higher spatial
resolution, a smaller energy loss through beam spreading and less probability of extraneous signal generation from
interaction with welded boundaries, the A0 mode wave would be better for use in plate inspection than the SO mode
wave. One disadvantage of good beam collimation of the A0 mode is that a large defect can shadow the area behind it
and, as a result, may create a blind spot.

3.2.2.3 MsS system and time requirements for containment inspection

Figure 3.54 presents a conceptual drawing of how a MsS system may be deployed for liner inspection. The MsS
instrument, scanner-control box, and portable computer are set up on a cart. The scanner, which contains the MsS
probes, is attached on the liner wall. The probe and scanner are connected to the instruments via a relatively long (15 to
30 meters) cable. At a given scan position, the wave is launched in one direction (e.g., upward in the figure) and the
resulting data are acquired. The wave is then launched in the opposite direction (e.g., downward in the figure) and the
data are acquired. This achieves inspection of both sides of the scanner up to the respective inspection range. The
scanner is then moved to the next scan position and measurements repeated. The scan interval will be dependent on the
size of the beam produced by the probe. In this manner, inspection of a large area of the liner, including areas backed on
both sides by concrete (i.e., embedded), can be cost-effectively achieved.

The existing MsS system developed for pipe inspection consists of three main components: (1) MsS instrument
containing transmitter and receiver electronics, (2) field-portable computer for data acquisition and analyses, and
(3) MsS probes for pipe inspection including devices for providing a static bias magnetic field. In order to implement
the MsS technique for practical inspection of the containment metallic pressure boundary, the MsS system requires
additional development in the following three areas: (1) MsS probes, (2) probe scanner, and (3) data acquisition and
analysis system with custom software for examination control and data analysis. The present MsS instrument that
contains transmitter and receiver electronics is suitable for plate inspection except for possible minor modifications.

The probe is the key to successful system performance. The preliminary probe design used in this feasibility study
demonstrated the ability to launch and detect guided waves in a relatively thin (6.35-mm) steel plate. For practical
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implementation, additional work on the probe design is required in several areas:

(1)  Applicability to a range of plate thickness since the containment pressure boundary thickness can
range from about 6.35 mm (liner of reinforced concrete containment) to greater than 25.4 mm (steel
containment vessel).

(2)  Multiple probe design for control of wave directionality and wave mode. This is necessary to
simplify signal pattern and subsequent data analyses.

(3) Device for providing static bias magnetic field necessary for MsS probe operation. A tradeoff study
is required between the permanent magnet-based device and the electromagnet-based device
considering the relative merits and demerits of each, such as handling ease, electric power
requirement, weight, size, and cost.

Automated movement of the MsS probes along the containment wall surface will be needed for high examination
productivity. A magnetically held wall crawler that can support the MsS probes and provide a static bias magnetic field
required for MsS operation is envisioned. The magnetic wall crawler approach could conceivably serve the dual purpose
of supporting the crawler on the wall as well as static magnetic field generation for the probes. An automated crawler
will also increase inspection coverage due to its ability for remote guidance into small annuli between the wall and
objects positioned near the wall, where manual repositioning of a probe carriage assembly would be precluded.
Integrated control of the scanner can be accomplished by commercial single- or dual-axis motor control instrumentation
in communication with the MsS system computer. In a typical examination, the scanner would be manually driven or
positioned to a reference location. During data acquisition, it would step to each successive location along a linear path
(horizontal or vertical), stopping at each step location to acquire data. Step increments of 30 cm are currently
anticipated. Functional requirements of the scanner include the following:

(1)  Ability to attach to and crawl on the vertical wall surface of containment while carrying the MsS
probes and cables.

(2)  Ability to progress in the forward or reverse direction along a single linear axis of motion as a
minimum, with the ability to redirect to an orthogonal direction desirable.

(3)  Ability to track its position relative to a reference point. The device should tolerate typical wall
surface roughness or small step discontinuities without stalling.

(4) Ability to easily change MsS probes for increased productivity. The device, including attached
cables and connectors, should also be designed for easy radioactive decontamination.

MsS data acquisition involves (1) a pulsed excitation of the transmitting MsS probes to launch guided waves into the
containment metallic pressure boundary, (2) detection of signals reflected from defects or geometric discontinuities such
as welds and metallic attachments (e.g., studs, angles, or I-sections) in the receiving MsS probes, and (3) digitization of
the detected signals, data processing and analysis, and data filing and storage. The existing MsS instrument developed
for pipe inspection can perform steps (1) and (2) for plate inspection. Step (3) is performed in the rugged field-portable
computer, and the majority of the system hardware and operating software is directly applicable for plate inspection.
However, since plate inspection requires different inspection procedures and different manner of data presentation and
analyses, some of the system software will need to be tailored to plate inspection. Additional developments needed in
the system software for plate inspection include:

(1)  The ability to control scanner motion both automatically and manually, retrieve scanner positional
coordinates, and provide graphical displays of the data for analysis, as well as archival and hardcopy
of all data and displays.

(2) Data analysis procedures for identification of anomalies and their locations as well as for
differentiation of defects from geometric features such as welds and other attachments.

Since nuclear power plant containments vary in size and physical makeup, and numerous obstacles within the
containment may prevent or delay access to the containment metallic pressure boundary when performing an inspection,
it is difficult to determine inspection time accurately. Therefore, a more idealized estimate will be given based on the
assumption of a horizontal linear scan. Additional assumptions include no obstacles in the scan path requiring avoidance
or manual repositioning, and a maximum scan distance of 15 meters without instrumentation relocation. As indicated
earlier, MsS data are acquired at each step increment along the scan axis. The step size is currently estimated at 30 cm.
The coverage area for the guided waves will approximate a rectangular area extending above and below the scan axis up
to a distance of at least 15 meters for a steel containment in a region that is not backed by concrete. The time to step to
the next scan axis position and stop to acquire and average waveforms successively in both vertical directions is
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estimated at less than 4 minutes. This is based on the assumption that the pulse repetition rate is 10 and that 1000
waveforms are averaged for each of two directions plus position increment time. Therefore, actual scanning time for 15
meters of linear scan is 200 minutes (3.3 hours). Initial equipment setup time should be no more than 30 minutes,
yielding a total time of less than 4 hours for a total coverage area of 450 m®.

Previous information indicated that the concrete backing on the containment metallic pressure boundary would not
increase wave attenuation significantly for the low-frequency A0 mode. This suggests that when a low-frequency A0
mode wave is used for inspection, the coverage area per unit time would not be significantly reduced, even if the portion
of the containment metallic pressure boundary backed on both sides by concrete is included in the inspection. For
inspection of only the portion of the pressure boundary backed on both sides by concrete, data acquisition is needed in
only one direction, reducing the scanning time by half. Opportunities to increase inspection time include being able to
operate at higher pulse repetition rates and not requiring as much waveform averaging. Without actual experience of
MsS inspection of a containment metallic pressure boundary backed by concrete, conservative estimates for these
parameters were used. In each of these cases, the time required for data analysis was excluded since it is highly
dependent on the average number of indications present and the quality of the data. There is currently no experience on
which to base an estimate. Also, data analysis could be performed simultaneously with data acquisition, providing a
second computer is available for running the analysis software. As data become available from a scan, they could easily
be transferred via a communication linkage for real-time analysis to a separate location, that does not need to be located
in containment.

3.2.2.4 Multimode guided wave techniques

Ultrasonic waves can be generated by either an oblique angle-beam or normal-beam technique. In the oblique angle-
beam technique a longitudinal-wave transducer mounted on an acrylic angle-beam shoe generates guided waves in a pipe
or plate structure. This approach is similar to that used for finding anomalies in a “V”-joint weld and has been
investigated as a technique for inspection of inaccessible regions of nuclear power plant containment metallic pressure
boundaries (3.15,3.16). The ultrasonic beam, having large side lobes, spreads out as it is reflected from the boundaries to
somewhat limit the inspection resolution of this technique for the scenario of interest. This potential limitation however
can be overcome through use of an array of sensors. Another potential limitation of this technique results from mode
conversion, where both longitudinal and shear waves result after reflections from the boundary, regardless of the kind of
incident wave being used. The multi-reflected waves influence the signal-to-noise ratio and make the echoes from an
anomaly difficult to interpret. Use of bistatic acoustic imaging has been demonstrated to reduce the inner wedge
reverberant field and to eliminate the through-thickness standing echoes. Thus, if a competing signal can be identified, it
in all likelihood can be removed from the return signal during post-processing, increasing the probability of detecting the
presence of an anomaly.

As an alternative, the guided wave technique exhibits promise since guided waves can propagate in embedded plates for
a long distance. Much work has been reported recently on ultrasonic guided waves for inspection of free plates, pipes,
and various structures (3.31-3.34). Magnetostrictive sensors (MsS) have been employed to generate guided waves in
plates (3.35). As the MsS technique does not have mode control ability, all possible guided wave modes are generated.
Based on a short-time Fourier transform (STFT), dispersion curves in a low frequency range were obtained for the A0
and SO modes experimentally (3.35). However, in a practical inspection, single-mode generation is desirable in order to
simplify signal interpretation. A MsS array however can be used to implement mode control by suppressing the
undesired modes. As the frequency associated with the currently used MsS technique is generally less than 200 kHz,
anomaly detection sensitivity and resolution is reduced relative to higher frequency methods.

3.2.2.4.1 Multimode guided waves

The multimode guided wave technique is more sensitive than techniques which utilize shear waves (e.g.,
electromagnetic acoustic transducers), provides a global inspection technique for characterizing corrosion damage,
follows the contour of the structure, can travel long distances (e.g., 100 m depending on frequency and mode
characteristics), and can interrogate different regions or cross sections (i.e., depths) of the component inspected (3.31-
3.37). The guided plate waves can be excited at one point on the structure, propagate over considerable distances, and be
received at a remote point on the structure. Although this technique has been used with success to detect defects in
piping materials, until recently its applicability to plate-type materials has not been demonstrated.

A countless number of guided wave modes at specific frequencies could be selected for a particular non-destructive
evaluation problem, each point producing special sensitivities by way of wave structure across the thickness of the
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component being studied, and also specific penetration powers as a result of interface and surface displacement values
and subsequent energy leakage into neighboring media (3.38). The mode and frequency choice has a strong influence on
non-destructive evaluation and flaw detection, classification, and sizing potential as well as the ability to propagate
guided waves over long distances, despite the presence of coatings and other surrounding media. Phase velocity
dispersion curves serve as the guide to controlling and selecting various guided wave modes (3.33). From a guided wave
mode generation point of view the phase velocity curve is necessary to determine an entry angle of the wave excitation
since the phase velocity of a mode is related to the entry angle via Snell’s law. Dispersion curves for a particular
structure are generated numerically. Corresponding group velocity curves describe the velocity at which the mode
propagates and allows for localization of a defect. With a variable angle shoe, modes can be generated along a
horizontal line (i.e., constant velocity which depends on the angle of incidence of the normal beam into the wedge) on
the phase velocity dispersion curves. Varying the angle and frequency allows for the possible generation of modes with
a phase velocity greater than the phase velocity in the shoe (3.33).

Controlling and selecting the guided wave mode/frequency combination is critical in obtaining optimal performance of
the guided wave technique. First, a dominant single mode should be generated to simplify interpretation of echoes.
Second, the sensitivity of a guided wave depends significantly on both the mode number and frequency at which it is
excited. One mode/frequency combination may reflect strongly from a certain type of defect. Hence, the ability to
generate guided wave modes at a variety of points on the dispersion curve is key to achieving optimal performance of the
guided wave technique. The approach to mode and frequency selection is therefore crucial, which can ultimately be
based on theoretical and/or experimental means. One aspect of a theoretical approach beyond dispersion curve analysis
includes theory of elasticity computations of displacement distributions across a structure. The focus can be on
achieving in-plane or out-of-plane optimal values on a surface or at a specific location inside a structure in an attempt at
flaw analysis or improved penetration power. From an experimental point of view, an angle-beam transducer at a
specific angle can be used to achieve a particular phase velocity value. Unfortunately, the presence of a phase velocity
spectrum due to a transducer source influence, size and velocity pattern, as well as the frequency spectrum itself, often
limits the ability to specifically achieve the particular mode and frequency of choice. Multiple modes can be obtained.

A preliminary investigation has been conducted by The Pennsylvania State University (University Park) to investigate
the feasibility of applying multimode guided waves to inspection of containment metallic pressure boundary materials
(3.39,3.40). The investigation involved experimental studies as well as defect sizing.

3.2.2.4.2 Theoretical background

Figure 3.55 presents a coordinate system that could be used for SH wave propagation. For Lamb wave propagation,
consider the particle velocity to be in the x;-x, plane direction rather than in the x3 direction shown. Phase velocity and
group velocity dispersion curves can be generated for each (3.41). A sample Lamb wave dispersion curve for a steel
plate is shown in Fig. 3.56a and an example of a SH phase velocity dispersion curve is illustrated in Fig. 3.56b. Note
that some SH modes are dispersive, but for n = 0 the mode is non-dispersive. Wave structure is identical along a
particular SH mode but changes drastically along a Lamb wave mode. When using guided waves to penetrate a steel
plate embedded in concrete, it becomes necessary to consider wave structure at the surfaces of the plate and subsequent
energy leakage into the concrete. Rather than study this phenomenon theoretically, a variety of different Lamb wave
modes and SH mode situations were studied. It is know that phase velocity and frequency tuning would be useful in this
Lamb wave case in order to modify wave structure and, hence, energy leakage into the concrete. For the SH case, only
the n = 0 mode was considered, but excellent results were obtained.

At a frequency of 565 kHz used for the Lamb wave experiments, there are several modes propagating in the 25.4-mm-
thick steel plate. Two modes are studied with emphasis on pseudo-surface (combined A0 and SO modes) waves and the
A3 mode. The wave structures of both modes are shown in Fig. 3.57. Both Figs. 3.57a and 3.57b show the in-plane and
out-of-plane displacements, each with a different distribution pattern. From Fig. 3.57a, it can be seen that the energy
focuses close to the plate boundary area on the same side of the transducer. Therefore, it can detect anomalies on one
side only. In order to find anomalies close to the other side using the pseudo-surface mode, the transducer needs to be
moved to the other side. Although more tedious for experimentation, this wave mode can determine which side the
anomalies are close to, and thus provide more information about anomalies. Compared with pseudo-surface waves, A3
modes have the energy distribution across the entire plate thickness and can detect anomalies on the both sides of the
plate.
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3.2.2.4.3 Experimental studies

A limited experimental investigation has been conducted to demonstrate the feasibility of using the guided wave
technique for identification and location of thickness reductions in the metallic pressure boundary of nuclear power plant
containments. The specimens studied are shown in Fig. 3.58, and include a free plate (no concrete) with two anomalies
(plate 1), a plate embedded in concrete with one anomaly (plate 2), and a plate embedded in concrete but having no
anomalies (plate 3). All three plates are 25.4-mm thick by 203-mm wide by 914-mm long. For practical purposes, the
thickness of the concrete, when present, is large enough that it can be considered a “half space.” The plate specimens
provide a benchmark for studying various aspects of guided wave inspection, including sensitivity, transmission ability
across anomalies, inspection reliability, and penetration ability.

SH waves. SH guided waves have particle displacements in the shear horizontal direction, which is perpendicular to the
propagation direction. SH waves are sensitive to the transverse boundary conditions. Therefore, a transducer couplant
for SH waves should be a highly viscous material such as honey. Although coupling requirements once limited
applications of SH waves, advancements of electromagnetic acoustic transducers (EMATs) have resulted in SH waves
once again receiving a lot of attention because of the couplant-free advantage of EMATSs. Figure 3.59a presents a
schematic of a typical EMAT application system and Fig. 3.59b shows a picture of the EMAT’s used in the experiments.
The grid spacing of the EMAT’s is 17.7 mm, which determines the corresponding frequency for generating the non-
dispersive SH wave mode (i.e., 200-250 kHz). The non-dispersive SH wave mode has the same phase velocity as the SH
bulk wave velocity (3200 m/s), and a uniform displacement distribution across the plate thickness.

The waveforms obtained from testing the three plate specimens are shown in Fig. 3.60. Figure 3.60a presents the
reflected echoes for the free plate with two anomalies (plate 1) and shows that both anomalies can be detected by using
the SH waves. Because the non-dispersive SH wave mode has a uniform particle displacement distribution, some energy
can pass the first anomaly to be reflected by the second anomaly. The backwall echo (BWE) shows good penetration
ability of the SH wave mode. Figures 3.60b and 3.60c present the anomaly echoes for the plate containing an anomaly
embedded in concrete (plate 2). The echoes are obtained by putting the transducer at end A on the top and bottom
surfaces of the plate, respectively. From Figs. 3.60b and 3.60c it can be seen that the SH guided waves have the same
sensitivity to the anomaly whether the transducer is located on the top or bottom plate surface, even though the anomaly
is just on the top surface. The signal for transducer placed at end B of plate 2 is shown in Fig. 3.60d. The signal for the
plate specimen embedded in concrete but without an anomaly (plate 3) is shown in Fig. 3.60e and demonstrates
insensitivity to the concrete edge and the plate-concrete interface. The strong backwall echo demonstrates the excellent
penetration power of the SH guided waves across the steel-concrete interface.

Lamb waves. Unlike SH waves, Lamb waves have particle displacement distribution in both parallel and perpendicular
directions to the propagation direction. Lamb waves are sensitive to both transverse and normal boundary conditions.
Common couplants can be used for generating Lamb waves. A transducer mounted on a wedge for Lamb wave
generation is shown in Fig. 3.61. The frequency and wedge angle determines the generated Lamb wave mode. Two
wedge angles were considered at the frequency of 565 kHz. When the wedge was set to 62 degrees, it generated the A0
and SO modes simultaneously, both having the same phase velocity (3030m/s) at the working frequency, which
degenerates into pseudo-surface waves. As the pseudo-surface wave has energy distribution close to the plate boundary,
it is very sensitive to an anomaly close to the boundary. However, it is not sensitive to the anomalies on the other side of
the plate. Figure 3.62a is the pulse-echo signal for the transducer placed at the opposite surface (bottom) to anomalies on
the free plate (plate 1). It can be seen that both anomalies are ignored and only a backwall echo is received. If the
transducer is placed on the same surface (top) as the anomalies, however, only the first anomaly echo can be received, as
shown in Fig. 3.62b, which means that most energy close to the plate boundary is reflected back by the first anomaly.
This is a different case than occurred for the SH waves due to the uniform energy distribution feature of the SH wave
mode.

In order to obtain a fairly uniform energy distribution across the plate thickness for Lamb waves, the wedge angle was
changed to 38 degrees. Once again, the tone burst frequency was 565 kHz. The phase velocity and group velocity of the
generated Lamb waves were 4385 m/s and 2220 m/s, respectively. As aresult, the A3 Lamb wave mode was generated
(Fig. 3.57b). Figures 3.63aand 3.63b present the pulse-echo signals for the free plate (plate 1) with the transducer on the
top and bottom surfaces, respectively. The signals shown in Figs. 3.63a and 3.63b indicate that by generating the A3
Lamb wave mode, the transducer can detect anomalies from either the top or bottom surfaces of the plate. The Lamb
wave mode also shows a great sensitivity to anomalies. Figures 3.63c and 3.63d provide the signals for the plate
containing an anomaly embedded in concrete (plate 2) when the transducers were placed at ends A and B, respectively.
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Compared with SH waves, Lamb waves show a higher signal to noise ratio in Figs. 3.63c and 3.63d. Figure 3.63¢ is the
pulse-echo signal for the plate embedded in concrete without an anomaly (plate 3). Multiple echoes were received from
the plate-concrete interface before the backwall echo, indicating a disadvantage of the Lamb wave mode. This problem
could be overcome by setting a threshold for an anomaly call. Most anomalies of major concern would probably be
more than 20% the plate thickness and reflect stronger echoes than those from the plate-concrete interface. Use of multi-
mode Lamb wave signals can also be considered for an anomaly call.

3.2.2.4.4 FElements of defect sizing in a wave guide using SH guided waves

The Boundary Element Method (BEM) is being developed to study the interaction of various guided wave packets of
energy with various corrosion boundaries in a structure. This study was carried out on elliptical-shaped scatterers with a
variation in defect depth and length values as shown in Fig 3.64. This type of reflection could model items of interest
such as corrosion boundaries and pitting. Corrosion and surface breaking defects, of course, will be more complex than
the nice geometrical figures used in the BEM studies. The BEM program is being developed, though, to handle greater
variations in the geometrical shaped reflectors compared to elliptical pitting. Frequency spectrums for the amplitudes of
the scattered modes in both-pulse echo and through-transmission modes are discussed. Characterization of the defect
depth and length is implemented for some special situations based on features of the BEM results. For initial
experiments reported in this section, artificial corrosion and crack type defects were fabricated with different depths and
lengths in 10-mm-thick steel plates. Theoretical and experimental data on the scattering of SH waves is obtained,
demonstrating potential for solving this difficult classification problem. The goal of the modeling efforts is therefore to
establish guidelines so that the best modes and frequencies could be considered for impingement to provide the best
chance of success in determining the defect shape and size characteristics. An electromagnetic-acoustic transducer
(EMAT) technique for SH wave excitation is used.

Ultrasonic guided waves are being used extensively for defect and materials characterization; some theoretical and
experimental results using BEM are available (3.41-3.45). The finite-element method (FEM) for the Lamb and SH wave
scattering problem has been analyzed elsewhere (3.46-3.49). The electromagnetic-acoustic transducer (EMAT)
technique for SH wave excitation has also been described elsewhere (3.50).

Problem statement and solution. The boundary value problem for an elastic isotropic plate presented in Fig. 3.64 is
considered. The incident time harmonic wave is propagating in the positive X; direction. The mode incident on the
crack results in both reflected and transmitted waves of all orders of the propagation modes that could exist in the plate
for a given frequency. The crack considered has an elliptical shape, with horizontal axis 2a and vertical axis b.

For any frequency, scattering from a crack generates a finite number of propagating and countable numbers of

nonpropagating modes. For the SH modes the particle displacement vector has only an X; component. Displacement
and stress for the friction-free boundary conditions can be presented in a form (3.51):

Displacement
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Stress
" " = -B sin(nax, /d)e™™¥1 =) (symmetric modes
7723()(:1,)(:2 7t) = T23(x17x2)€ o = ann ( 2 ) k, " ( y . ) (36)
A, ug, cos(nme, /d Ye!kxi =00 (antisymmetric modes )

i ik, B, ucos(nmx, /d)e™ 1= (symmetric modes)
715 (X, X0,1) = T3 (xp, x)e ™" = { " i(k,x, —wt)

ik, A, usin(nmx, /d)e (antisymmetric modes)

k= -

n

w
)iy =

) —k2...(n=0,1,2,..)
cr d cr

where A4, and B, are unknown coefficients and d = 2h. Note that the amplitudes of the SH modes (Eqn. 3.5) are
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independent of frequency and wave number. Hence wave structure of the SH mode does not vary along the entire
dispersion curve. This is in contrast to Lamb wave behavior, where the wave field is a function of the position on the
dispersion curve. The total displacement field is the superposition of the incident and scattered wave fields. The time

dependent term € is omitted elsewhere.

Ux.x0) = AU (x)e™™ + 3 AZU" (xy)e* (3.7)

n=0

where, A ;N is the known amplitude of the incident py, mode, and A; denotes the unknown amplitudes of the scattered

waves traveling in the positive and negative x, directions respectively. U"” (x,) denotes the known amplitude of the rg,

mode for the traction free plate, and k , represents wave numbers of SH waves. The summation in Eqn. (3.7) is over all

propagating and evanescent modes that can exist in a plate for a particular frequency of interest.

Far away from a defect only the amplitudes of the propagating modes are significant. This is expressed by keeping only
the real roots kn , according to the phase velocity dispersion curves as shown in Fig. 3.65. The solution of the problem

can be obtained by coupling the BEM solution for the rectangular area and a far-scattered field on the boundaries I",
(Fig. 3.64a). This approach is effective for a rectangular area with a large enough length L. Therefore the far-field
displacement and stress on the boundaries I, can be expressed only by using propagating modes.

The boundary-value problem for modeling the rectangular area leads to the following boundary integral equation
(3.41,3.42).

oU (E X) oU (x)

CEW(E) + f ——22U(x)dT(x) = f U (E.x) dr(x) (3.8)

where I is the total boundary of the modeling area, the value of C(&) depends on the boundary smoothness and
dU[dn is the derivative of U with respect to the outward normal to the boundary T. The terms U(x) and

oU (x)/ on are the boundary values of the displacements and tractions. U "(r) is the fundamental solutions in the
frequency domain expressed through a Hankel function of the first kind (3.36)

, ] w
U (r) =ZZH§)(—r). (3.9)

Cr

The procedure to obtain a numerical solution of Eqn. (3.8) by using coupling conditions on the boundaries I', and
finding the reflection and transmission coefficients is discussed elsewhere (3.41,3.42).

The results presented here are used for a sizing study of elliptical defects with 2a equal to 0.3, 6.35, and 12.7 mm.
Reflection and transmission coefficients versus frequency are shown in Fig. 3.66 for an n = 0 incident mode, n = 0
reflected and transmitted mode from the 0.3 mm notch defect. There is an excellent monotonic change in amplitude
versus percent through-wall depth for all frequencies. A sample result is shown in Fig. 3.67 for 0.5 MHz. Sample
results are illustrated in Figs. 3.68 and 3.69 for grooves of 6.35 and 12.7 mm compared to the 0.3 mm elliptical defect.
There is sometimes a monotonic change of amplitude with defect depth, but not at all frequencies.

Generally, many BEM computer runs could be conducted to seek a reflection characteristic such that there would be a
monotonic increase with depth of a reflector. At this time, sizing is only possible if the reflector type is known.
Therefore the focus will be on the 0.3-mm-wide notch-type defect. Theoretical results were shown in Figs. 3.66 and 3.77
with a monotonic change of amplitude with through-wall size. Future work should focus on both defect detection and
quantification. BEM tools are now available to assist in this study.

Experimental studies. Experiments were conducted on nine steel plates, each of which had either a groove or notch in
one surface. The size of a defect was either 0.3-, 6.35-, or 12.7-mm wide with a depth equal to either 10%, 30% or 50%
the through-plate thickness. Two electromagnetic SH wave transducers (SH EMATs) were used to generate and receive
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horizontal shear waves in the steel plate using a tone burst signal generator and oscilloscope system. Both through-
transmission and pulse-echo modes were used. On each plate, a reference signal was obtained by separating the two
EMATSs 76.2 mm. The non-defect signal amplitude was then recorded. For through transmission, the two EMATSs were
76.2 mm apart with each transducer 38.1 mm from the centerline of the defect (see Fig. 3.70a). A sample through-
transmission signal is shown in Fig. 3.71. A sample pulse-echo waveform for the setup shown in Fig. 3.70b is shown in
Fig. 3.72. The envelope peak-to-peak value of the signal was measured and the transmission coefficient calculated by
dividing it by that of the reference signal. For the pulse-echo mode, the two EMATSs were put side by side and on the
same side of the defect to simulate the pulse-echo mode. They were located 38.1 mm away from the center of the defect.
Similar calculations to above can provide the reflection coefficient. A through-transmission result is shown in Fig. 3.73.
It can be seen that the trend of the curve for the theoretical and experimental results is consistent. Let’s now focus on
the 0.3-mm-wide-notch-type defect to see if a linear relationship with size can be obtained. Excellent results are shown
for both the through-transmission mode in Fig. 3.74 and for the pulse-echo mode in Fig. 3.75.

Concluding remarks. Both SH and Lamb wave modes can be used for the inspection of steel containment structures,
both somewhat insensitive to the concrete boundary for specific velocity and frequency values. On the other hand,
strong benefits of the SH wave mode via an EMAT transducer was demonstrated with overall improved signal-to-noise
ratio with practically no interference from the concrete interface and the non-contact testing potential.

Preliminary results presented here show that defect quantification analysis can be carried out for SH guided wave
impingement onto a defect in a wave guide. Both pulse-echo and through-transmission methods were considered. In
particular, the possibility of a monotonic increase in amplitude change with size is noted. Potential advantages of shear-
horizontal waves compared to “Lamb” type waves include less mode conversion, constant wave structure for a particular
mode for all frequencies, and less sensitivity to boundary conditions because of the lateral particle velocity. Presented
BEM results can be used to establish data acquisition and analysis guidelines for development of a test protocol and
quantification algorithm development program. Besides modeling and BEM analysis, feature extraction possibilities
could also be obtained from experimental or calibration standards using guidelines established in this study.

33 COMMENTARY

Inspection of inaccessible portions of metallic pressure boundary components of NPP containments (e.g., fully
embedded or inaccessible conJainment shell or liner portions, the sand pocket region in Mark I and II drywells, and
portions of the shell obscured by obstacles such as platforms or floors) requires special attention. Embedded metallic
portions of the containment pressure boundary may be subjected to corrosion resulting from ground water permeation
through the concrete; a breakdown of the sealant at the concrete-containment shell interface that permits entry of
corrosive fluids from spills, leakage, or condensation; or corrosion may occur in areas adjacent to floors where the gap
contains a filler material that can retain fluids. Corrosion, should it occur, may challenge the containment structural
integrity and, if through-wall, can provide a leak path to the outside environment. At present nondestructive evaluation
techniques for use in determining the condition of the containment pressure boundary are time-consuming and costly
because they tend to examine only a small area at a time. A nondestructive technique is required that can be used
remotely to examine inaccessible regions of the containment metallic pressure boundary. Such a technique ideally should
also be capable of performing global inspections so that determination of the overall condition of the containment
metallic pressure boundary can be achieved in a cost- and performance-effective manner. Identification and/or
development of such technique(s) becomes increasingly important as the median age of the NPPs now exceeds 20 years,
and in the not-too-distant future several of these plants will be nearing the end of their initial operating license period.

The performance of a commercially available fully-integrated angle-beam inspection system was evaluated through both
numerical and experimental studies. The numerical studies indicated that for the embedded steel-lined concrete
containment scenario, the thin steel liner with concrete backing combine to give unacceptably high signal loss to the
concrete for small degradations close to the interface. However, for the embedded steel containment scenario, significant
degradations (i.e., 2 mm) below the concrete-air interface give a reasonable intrinsic backscatter level that is sufficiently
above the expected noise level to be detectable. Experimental results using 25-mm-thick steel plates show that notches
contained in the plates were detectable using high-frequency acoustic-imaging technology. When the plates were
embedded in concrete, the concrete caused additional signal loss, but defects such as a 4-mm-deep rounded degradation
located up to 30 cm below the air-concrete interface should be detectable. The losses to the concrete were strongly
dependent on the coupling conditions between the steel and concrete, and ultrasonic waves directed at shallow angles
were least affected by the concrete, regardless of coupling condition.
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Magnetostrictive sensor-generated guided waves that had been used for inspection of long lengths of piping and tubing
has been successfully adapted for application to guided wave inspection of plate-type materials. Modeling studies
suggest that a low frequency AO mode wave (e.g., 20 kHz in a 25.4-mm-thick steel plate) is best suited for inspection of
containment boundaries backed on one or both sides by concrete. Experimental results demonstrated that the
magnetostrictive sensor technique can generate and detect guided waves in plates and detect a defect over a long range,
including defects contained in areas difficult to access because of equipment or attachments. The amplitude of signals
reflected from notches machined in a steel plate was affected by the product of defect length and depth in the plate
normal to the guided wave beam propagation. The effect of a defect embedded in concrete was not evaluated
experimentally using magnetostrictive sensors.

Lower frequency methods appear to be best for inspection of plates bounded by concrete because of reduced attenuation,
but sensitivity to defects and defect resolution are reduced relative to higher frequency methods. Horizontal shear and
Lamb wave modes can be used for inspection of steel containment structures, both somewhat insensitive to the concrete
boundary for specific velocity and frequency values. Strong benefits of the horizontal wave mode via an electromagnetic
acoustic transducer were demonstrated with overall improved signal-to-noise ratio, practically no interference from the
concrete interface, and the non-contact testing potential. Although preliminary, results show that defect quantification
analysis can be carried out for horizontal shear guided wave impingement onto a defect in a wave guide. Both pulse-echo
and through-transmission methods were considered. In particular, the possibility of a monotonic increase in amplitude
change with size was noted. Potential advantages of horizontal shear waves compared to "Lamb" type waves includes
less mode conversion, constant wave structure for a particular mode for all frequencies, and less sensitivity to boundary
conditions because of the lateral particle velocity. The Boundary Element Method (BEM) can be used to establish data
acquisition and analysis guidelines for development of a test protocol and quantification algorithm development
program. Besides modeling and BEM analysis, feature extraction possibilities could also be obtained from experiment or
calibration standards using guidelines established in this study.

Conventional ultrasonic inspection techniques generate ultrasonic beams that tend to spread out as the beam is reflected
from the component boundaries to limit the technique's inspection resolution. Also, mode conversion occurs where both
longitudinal and shear waves are present after reflections from component boundaries to potentially influence the signal-
to-noise ratio and make the defect echoes difficult to interpret. Furthermore, multiple echoes can be received from the
plate-concrete interface and, unless the correct combination of frequency and wedge-input angle is selected, only the first
of a series of defects will be detected, or defects may not be detectable at all from the opposite surface of a plate
containing a surface defect. Therefore, techniques utilizing guided waves that interrogate the specimen cross section (i.e.,
provide energy distribution across component cross section) should be investigated in more detail (e.g., electromagnetic
acoustic transducers, magnetostrictive sensors, and multimode guided wave methods).

A series of laboratory experiments should be conducted to evaluate candidate systems under more prototypical
conditions. Specimens should be fabricated and tested that would evaluate effects such as flaw geometry (e.g., notch,
flat-bottom holes, and thinned areas), size (e.g., width, length, and depth), orientation, and location relative to the plate-
concrete interface; three-dimensional effects (e.g., plate curvature); structural discontinuities (e.g., welds, anchor, or
studs); and the presence of concrete as well as the quality of the bond between the concrete and steel. As a part of these
investigations instrumentation systems should be optimized to control wave direction and mode, establish operable plate
thicknesses, inspection range, and defect detectability data generated (e.g., probability of defect detection curves). Signal
processing should be investigated as a method to discriminate between defects of potential significance and other
scatterers (e.g., welds, concrete voids, and anchor studs). In addition to being able to detect defects, work needs to be
done on sizing and classifying the severity of a particular defect. Development of the BEM approach should continue to
establish guidelines so that the most effective wave modes and frequencies can be considered for impingement to
provide the optimum probability for determining a defect shape and size characteristics. Work should also be conducted
on developing a system that can perform global inspections through use of comb transducers or transducer arrays. Once
these experiments have been completed, the most promising of the three potential candidate systems should be evaluated
under representative field conditions and optimized.
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Fig. 3.20 Test setup for monitoring forward-travelling waves in free plate.
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Fig.3.21  Combined envelopes of received signals at several locations
relative to a fixed source (forward-travelling waves).
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Fig. 3.22 Combined envelopes of received signals at several locations
relative to a fixed source (backward-travelling reflected waves).
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Fig. 3.23 Schematic of test setup for degradation shape study.
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Fig. 3.25 Results of degradation shape study.
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Fig. 3.26 Time-windowed returns from different notch geometries.
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Fig. 3.28 Results of degradation depth study.
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Fig. 3.29 Molds for embedding portions of steel plates in concrete.
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Fig. 3.30 Test setup for concrete effects tests.
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Fig. 3.31 Transmitted signal level: (a) free-standing steel plates and
(b) steel plates embedded in concrete over part of their length.
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Fig.3.32 Effect of coupling wedge angle on transmitted signal levels for a
bonded steel plate embedded in concrete over part of its length.
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Fig.3.33  Test setup for simulated field conditions to investigate
role of competing signals.
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Fig. 3.34 Mechanisms of source “self noise.”
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Fig. 3.35 Test setup for bistatic measurements to eliminate “self noise.”

101



Received signal (volts)

relums
from

monostalic retuns, e concrete

histalic reums, with concrete

Received Sgnal (wdis)

— (G | T T I I T W | Il| TN TR NN T TN T (NN Y TN N [ TN T
0 100 Fal 1} 0 400 L1 L]
Time [usec)

Fig.3.36 Time histories of reflected signals from rectangular notch
for three different conditions.
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Fig. 3.37 Bistatic measured return from rectangular notch in a bonded steel
plate embedded in concrete over part of its length.
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Fig. 3.38 Time histories of signals transmitted through free-standing steel plate,
unbonded steel plate with concrete, and bonded steel plate with concrete.
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Fig.3.39  Schematic of magnetostrictive sensor setup for generation
and detection of guided waves in pipes.
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Fig.3.40  Calculated dispersion curves for longitudinal guided waves in a plate
for three conditions: (a) plate is free, (b) plate is backed by concrete on
one side, (c) plate is backed by concrete on both sides.
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Fig.3.41 Displacements of antisymmetric (A) and symmetric (s)
wave modes across plate thickness.
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Fig. 3.42
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Fig. 3.43 Schematic of a coil wound around a stack of U-shaped magnets.
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Fig. 3.44 Schematic of plate test article with setup for MsS probes.
(Permanent magnets are arranged on bottom of plate for convenience).
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Fig. 3.45 Photograph of the overall experimental arrangement
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Plate specimen

Fig. 3.46 Photograph of the 30-cm-long notch in plate specimen.
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Fig. 3.47 MsS data from plate specimen using pitch-catch technique.
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Fig. 3.48 Time-frequency representation of data in Fig. 3.47
obtained by using short-time fourier transform (STFT).

107



MsS
Probe

ol

Fig. 3.49 Illustration of mode conversion at the lateral boundaries of a finite-sized plate.
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Fig.3.50 MsS data using pulse-echo mode for steel plate prior to introducing
a defect. Dotted lines indicate that signals continue to occur.
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Fig.3.51  Pulse-echo data for 40-kHz SO mode obtained from plate
containing different length notches.
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Fig.3.52  Pulse-echo data for 20-kHz A0 mode obtained from plate
containing different length notches.
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Fig. 3.53 Plots of signal amplitude versus notch length.
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Fig. 3.54 Conceptual drawing of MsS system deployed for liner inspections.
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32k

Fig. 3.55 SH wave propagation mode where propagation is along x, and

particle displacements are along x3.

(Particle displacements for Lamb wave propagation mode are in x;-X; plane.)
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(a) Sample Lamb wave phase velocity dispersion curves
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Sample SH mode phase velocity dispersion curves: solid curves
denote symmetric modes and dashed curves antisymmetric mode

Fig. 3.56 Simple dispersion curves for steel plate (cr = 3.1 [Im/msec).
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(b) Wave structure for theA3 mode

Fig. 3.57 Wave structure for the pseudo-surface mode and A3 mode at frequency of 565 kHz. (The plate
thickness is 25.4 mm. Solid line is out-of-plane displacement and dashed line is in-plane displacement.)

)

P —
400 260

(a) Plate 1
steel plate
[25} /
i i
A H

concrete
260 152
(b) Plate 2
steel plate
A concrete B
C——
o |
“ 381 260
< N
914 . L
(dimensions in mm)
(c) Plate 3

Fig. 3.58 Schematics of plate specimens.
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(b} An EMAT system for concrete inspection.

Fig. 3.59 Typical EMAT system and application.
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(e) SH waves for plate 3: transducer at position A top surface

Fig. 3.60 SH guided wave experimental results with EMAT SH system.
(Frequency = 240 kHz, nondispersive SH wave mode.)
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Fig. 3.61 Transducer mounted on wedge for Lamb wave excitation.
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Fig. 3.62 Pseudo-surface Lamb wave mode for plate inspections.
(Frequency = 565 kHz; wedge angle = 62°).
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Fig. 3.63 Pulse-echo signal of A3 Lamb wave mode for plate 3:
transducer at position A top surface.

(Frequency = 565 kHz, wedge angle = 38°.)
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Fig. 3.64 Boundary Element Method (BEM) wave scattering model.
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Fig. 3.65 SH phase and group velocity dispersion curves for 10-mm-thick steel plate.
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(b) Transmission coefficients

Fig. 3.66 Reflection and transmission coefficients. (N =0 mode under n = 0 incident mode for 0.3-mm elliptical
notch width and 10 to 80 percent through-plate thickness depth.)
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Fig. 3.67 Reflection and transmission coefficients showing linear increase in amplitude with percent through-wall
depth.(n = 0 mode under n =0 incident mode at frequency of 0.5 MHz.)
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Fig. 3.68 Reflection and transmission coefficients for 6.35-mm elliptical defect width and either 10, 30 or
50 percent through-plate thickness depth.(n = 0 mode under n =0 incident mode.)
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Fig. 3.69 Reflection and transmission coefficients for 12.7-mm elliptical defect width and either 10, 30 or
50 percent through-plate thickness depth. (N =0 mode under n = 0 incident mode.)
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(a) Through transmission mode; EMATS are 3 in. away
from each other and 1.5 in. from center groove.

(b) Pulse-echo mode; EMATS are 1.5 in. away from
center groove.

Fig. 3.70 Experimental setup.
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