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1.0 INTRODUCTION

Boric acid corrosion, or wastage presents a significant maintenance problem for pressurized
water reactors, which use borated water to control reactivity during normal plant operations.
Boric acid can severely degrade low-alloy and carbon steel under the right conditions (Ref. 1).
While many research programs have been conducted to study the effects of boric acid
corrosion of reactor components, these studies fall short in many areas. Little work has been
done on the corrosion of low-alloy and carbon steels in (a) molten salts of boric acid, (b) high
pressure and temperature boric acid containing environments, or (c) agueous solutions of boric
acid in the temperature range of 100-250°C (Ref. 3). This report will outline the US Nuclear
Regulatory Commission and industry actions with respect to boric acid corrosion inspection,
summarize the pertinent foreign and domestic boric acid corrosion events, and review the most
recent and ongoing boric acid corrosion test programs.

1.1 USNRC Actions to Address Boric Acid Corrosion Issues (1980-2004)

In 1980, the NRC issued Information Notice (IN) 80-27 concerning the failure of low-alloy steel
primary coolant pump cover studs due to boric acid corrosion. The notice also discussed the
deficiency of current ultrasonic testing procedures in revealing stud wastage and stressed the
need for supplemental visual inspections (Ref. 4). In 1982, the NRC issued two generic
communications related to boric acid corrosion of carbon and low-alloy steels. IN 82-06, issued
in March of that year, discussed the failure of steam generator primary manway studs at Maine
Yankee. The studs, which failed due to stress corrosion cracking, also showed indications of
surface corrosion attack resulting from the interaction of stud preload, primary coolant,
lubricants, and Furmanite sealant (Ref. 5).

Bulletin 82-02, issued in June of 1982, was a follow-up to INs 80-27 and 82-06. The Bulletin
notified licensees of incidents of severe material degradation of threaded fasteners at Fort
Calhoun and Maine Yankee. Three of the four reactor coolant pumps (RCPs) at Fort Calhoun
exhibited primary water leakage at the pump cover/case interface. The 3.5 inch diameter studs
securing the RCP covers are made from American Society for Testing and Materials (ASTM)
A193 Grade B7 low alloy steel with chrome plated threads. The studs experienced severe boric
acid corrosion wastage with a maximum reduction in diameter of 1.1 inches. At Maine Yankee,
the 1.5 inch diameter steam generator primary manway studs made of SA 540 Grade B 24 alloy
steel failed by stress corrosion cracking. Bulletin 82-02 discussed the agency’s concern about
accelerated corrosion and stress corrosion cracking due to chlorine, fluorine and sulfur
contamination from sealants and lubricants used in the reactor coolant pressure boundary
(RCPB) and suggested that care be taken when choosing sealants and lubricants for this
system. Expanding on the discussion in IN 82-06, the bulletin highlighted the inadequacy of UT
to detect stress corrosion cracking and wastage of threaded fasteners. To correct for the
shortcomings of the present American Society of Mechanical Engineers (ASME) Code
ultrasonic testing (UT) procedures, the agency suggested a combination of nondestructive
examination techniques: UT, visual examination (VT-1), dye penetrant examination (PT), and
magnetic-particle testing (MT). Licensees were required to take specific action with respect to
inspection and maintenance of threaded fasteners susceptible to boric acid leakage in the
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RCPB. Additional information was requested in regard to the licensees’ operational experience
with bolted closures, sealants, and lubricants used in the RCPB. Concerns raised with regards
to the UT procedures that were current at that time, later resulted in the 1983 revision of the
ASME Code Section Xl to include more disciplined and wide-ranging requirements for visual
examination of systems containing primary coolant (Ref. 6).

In response to the continued occurrence of ferritic component boric acid degradation, the NRC
issued IN 86-108 and its supplements. IN 86-108 informed licensees of the severe boric acid
wastage of the carbon and low-alloy steel components of the high pressure injection nozzle and
reactor coolant system cold leg pipe at Arkansas Nuclear One Unit 1 (ANO-1). A six month long
leak from an overhead, high-pressure injection (HPI) valve caused boric acid wastage of a
maximum depth of 0.5 inches and 0.25 inches on the underside of the HPI nozzle and the
adjacent RCS piping, respectively. IN 86-108 references the 1984 the EPRI work entitled
EPRI-NP-3784, “A Survey of the Literature on Low-Alloy Steel Fastener Corrosion in PWR
Power Plants.” This report describes the Combustion Engineering laboratory tests in which
borated water was dripped onto a hot metal surface, similar to the ANO-1 experience. The
report concluded that aggressive boric acid corrosion of locally cooled low-alloy steel parts can
occur when the plant is at operating temperatures. The dripping borated water solution
concentrates as the water boils off. The evaporation process locally cools the metal surface to
the boiling point of concentrated boric acid solution, the temperature at which boric acid
corrosion is at a maximum (Ref. 7).

Supplement 1 of IN 86-108 was issued in March of 1987. IN 86-108, Supplement 1 described
the severe boric acid wastage of the reactor pressure vessel (RPV) head at Turkey Point Unit 4.
Borated water from a conoseal joint in an instrumentation port column assembly leaked onto
the RPV head, near the edge of the vessel head. The leak, discovered during an August 1986
outage, was determined to have a low probability of causing significant corrosion wastage.
During the March 1987 outage, however, 500 pounds of boric acid crystals were discovered
covering part of the RPV head. The vessel head flange and several flange nuts and studs were
severely corroded. The most extensive corrosion was of the vessel head in the form of a
“boomerang-shaped” depression, with dimensions of 8.5 inches long x 1.25 inches wide x 0.25
inches deep (Ref. 8).

Supplement 2 of IN 86-108 was issued in November of 1987. The IN informed licensees of
pinhole leaks in the seal weld of the conoseal for thermocouple connections to the RPV head at
Salem Unit 2, which resulted in RPV head degradation. The RPV head corrosion consisted of
nine corrosion pits that were between one and 3 inches in diameter and 0.36 to 0.40 inches
deep (Ref. 9).

In response to the events in IN 86-108, including Supplements 1 and 2, Westinghouse
performed experiments on the corrosion effects of primary coolant leaking on low-alloy and
carbon steels and concluded that boric acid corrosion rates are greater than those previously
known or estimated in other studies. Westinghouse conducted corrosion tests of carbon steel
in 25% boric acid at 200°F, which produced corrosion rates of 400 mils/month for aerated
solutions and 250 mils/month for deaerated solutions. In addition, Westinghouse created a
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control rod drive mechanism (CRDM) head weld mock-up that had a typical crevice geometry.
The RPV head weld was exposed to dripping 15% boric acid at 210°F. The results of this
experiment were extensive corrosion (400 mils/month) of the carbon steel vessel head and
virtually no wastage of the Inconel or weld metal (Ref. 9). This type of behavior is similar to that
seen at Davis-Besse in 2002.

Generic Letter (GL) 88-05 was issued in March of 1988 to address the issue of boric acid
corrosion of low-alloy and carbon steels in the reactor coolant system (RCS) due to RCS
leakage at less than technical specification (TS) limits. The GL required licensees to develop a
program of inspection, leak identification, engineering evaluations and corrective actions. More
specifically, it requested licensees to identify locations where degradation can occur due to
RCS leakage rates less than the TS limits. GL 88-05 required licensees to determine the leak
paths and the components that would potentially be affected by boric acid corrosion. GL 88-05
required licensees to develop methods of inspection to identify and locate these leaks, methods
of performing engineering evaluations to determine the risk of degradation once the leak is
identified, and a system of corrective actions to preclude reoccurrences of boric acid corrosion
(Ref. 10.).

In January of 1995, the third and final supplement to IN 86-108 was issued. It described the
1994 boric acid corrosion events at Calvert Cliffs Unit 1 and Three Mile Island. At Calvert Cliffs
Unit 1, boric acid leaking past a flange gasket corroded three nuts on an incore instrumentation
flange. Maintenance personnel at Three Mile Island found that four out of the eight total studs
holding the pressurizer spray valve bonnet gasket in place had corroded. At both plants, as
with the Turkey Point Unit 4 event, the boric acid leakage was identified in a previous outage
and the risk of boric acid corrosion was determined to be low. The IN concluded that this
pattern of behavior may be indicative of an underlying lack of awareness of the conditions and
mechanisms that lead to boric acid corrosion (Ref. 11).

GL 97-01 was issued in 1997 to address the problem of CRDM cracking at the dissimilar metal
vessel head weld that joins the CRDM housing to the reactor vessel head, and requested that
licensees perform inspections of these welds. In addition, the letter described the action plan
implemented by the NRC in 1991, which included a review of the Owners Groups' safety
assessments, EPRI's RPV head penetration mock-up tests, review of the Nuclear Energy
Institute’s (NEI's) proposed generic acceptance criteria, and vessel head penetration
inspections (Ref. 12). The Owners Groups' assessments, specifically the Babcock and Wilcox
Owners Group, had the foresight to model a leaking CRDM nozzle penetration and its
consequences (Ref. 13). The model was based on the possibility of severe boric acid wastage
of the RPV head with a corrosion rate of 16.7cm®/yr. (1.07 in®/yr.), however, the owners' groups'
responses demonstrated that the structural integrity of the head (in terms of the ability of the
head to sustain the internal pressure of the coolant) would not be degraded as a result of a
corrosion loss of this extent. Data presented in a later section shows that much higher rates of
corrosion are plausible under certain conditions of temperature and concentration. A structural
integrity calculation based on the higher corrosion rates, and a consequent greater wastage of
low-alloy steel, would demonstrate a much reduced margin of safety.



Survey of Boric Acid Corrosion Experience
Rev. 9 - October 22, 2004

During February, 2001, Duke Energy Corporation, the licensee for Oconee Nuclear Station 3
found small amounts of boric acid residue near nine of the 69 CRDM penetrations. Two
months later, the NRC issued IN 2001-005, “Through-wall Circumferential Cracking of Reactor
Pressure Vessel Head Control Rod Drive Mechanism Penetration Nozzles at Oconee Nuclear
Station, Unit 3.” As described in the IN, initial NDE of the vessel head penetrations identified 47
recordable crack indications, which were characterized as either axial, or below-the-weld
circumferential indications. Subsequent PT revealed that two of the nine nozzles had
“significant circumferential cracks in the nozzle above the weld” (Ref. 14). Both cracks had
initiated from the outside diameter of the nozzles; one was through-wall, and the second had
“pin-hole through-wall indications.” The main point of this IN was to underscore the importance
of thorough, visual examinations of the reactor vessel head, or volumetric examinations of the
CRDM nozzles, and appropriate characterization of any flaw indications that might be found.

Subsequently, the NRC issued Bulletin 2001-01, indicating that the staff had reassessed the
earlier conclusions from GL 97-01 - that cracking of vessel head penetration nozzles “is not an
immediate safety concern.” The Bulletin specifically cited the finding of circumferential cracks
at Oconee, comparing that with the GL 97-01 assumption that all cracks would be axial. The
Bulletin stressed that prior deposits of boric acid on vessel heads could mask, or obscure,
evidence of small, on-going leakage. The Bulletin pointed out that insulation on the RPV head,
or “other impediments” may restrict an effective examination, and reinforced the importance of
conducting effective examinations for leaks, head degradation or cracks. The Bulletin laid out
the specific paragraphs in the General Design Criteria (Ref. 15), and in the Code of Federal
Regulations that specify the criteria for vessel inspection and analysis, and the acceptance
standards for any identified degradation. The Bulletin requested that within 60 days of its issue,
all licensees provide descriptions of the vessel head penetrations, head insulation packages,
and other aspects of vessel head design pertaining to inspectibility. The Bulletin also requested
additional information from plants that had experienced leakage. When the 60-day responses
had been reviewed, the staff determined that a request for additional information was
necessary to supplement the information originally provided.

While conducting inspections required in Bulletin 2001-01, “Circumferential Cracking of Reactor
Pressure Vessel Head Penetration Nozzles,” severe boric acid corrosion wastage of the reactor
pressure vessel head was discovered at Davis-Besse Nuclear Power Station in February 2002.
The characteristics of this discovery are detailed in the next section. In response to this event,
the NRC issued Bulletin 2002-01, which required licensees to do the following: (a) report on
current inspection and maintenance practices of the reactor pressure vessel head and assess
their effectiveness, (b) submit a summary of their boric acid inspection programs (per Generic
Letter 88-05), and (c) give information on the material condition of the reactor pressure vessel
head and the remainder of the RCS pressure boundary (Ref. 16). The NRC also issued
Bulletin 2002-02 mainly to advise PWR licensees that visual examinations as a primary
inspection method for the reactor pressure vessel head and the vessel head penetration
nozzles may need to be supplemented with additional measures (e.g. volumetric and surface
examinations) to demonstrate compliance with applicable regulations (Ref. 17). The licensees’
response to these bulletins later led to issuance of NRC Order EA-03-009: "Issuance of Order
Establishing Interim Inspection Requirements for Reactor Pressure Vessel Heads at
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Pressurized Water Reactors", and publication of Regulatory Issue Summary 2003-013: “NRC
Review of Responses to Bulletin 2002-01, ‘Reactor Pressure Vessel Head Degradation and
Reactor Coolant Pressure Boundary Integrity,” both described below.

IN 2003-02, issued in January of 2003, addressed the boric acid corrosion of the reactor
pressure vessel head at Sequoyah Unit 2 and the control rod drive mechanism (CRDM)
housing leak at Comanche Peak Unit 1 (Ref. 18). Both Bulletin 2002-01 and IN 2003-02
contest the assumption that primary water leakage onto hot surfaces will not result in boric acid
corrosion. The recent findings at Davis-Besse (2002) and Sequoyah Unit 2 (2003) challenge
these assumptions and have lead to increased experimentation into the mechanisms and
conditions that produce boric acid corrosion.

NRC Order EA-03-009, issued in February of 2003 and revised in February of 2004,
strengthened pressurized water reactor inspection plans with respect to the reactor pressure
vessel head and head penetration nozzles (Ref. 19). The continuing occurrences of boric acid
corrosion wastage, epitomized by the Davis-Besse incident, have once more brought to the
foreground the insufficient inspection criteria for the reactor vessel head and associated
penetration nozzles. The inspection requirements in place before Order EA-03-009 required
only inspection of the head insulation and surrounding areas for leakage. This type of
inspection is not effective for detecting head degradation and circumferential cracking.
Therefore, licensees are required to calculate their plant’s effective degradation years (EDY).
The plant susceptibility to primary water stress corrosion cracking (PWSCC) of the nickel-based
vessel head penetrations, based on the EDY, determines which inspection plan dictated by
Order EA-03-009 was required to be implemented.

The licensees’ responses to Bulletin 2001-01, and the additional information also received,
were reviewed by the staff for compliance according to (a) plant technical specifications for
identified and unidentified leakage, and for conformity to the boric acid corrosion control
(BACC) plans required by GL 88-05. This review, and the guidance developed from it, is
described in Regulatory Issue Summary 2003-013 (Ref. 20).

Per the original order, and the 2004 revision, the plants were divided into four susceptibility
categories: high, moderate, low, and replaced. High susceptibility plants are those with an EDY
greater than twelve years, or those that have experienced PWSCC in nozzle penetrations or the
J-groove weld. Moderate susceptibility plants are those that have an EDY between eight and
twelve and have not experienced PWSCC in nozzle penetrations or the J-groove weld. Plants
classified in the low susceptibility category have an EDY less than eight and have not
experienced PWSCC in the base metal nozzle penetrations or the J-groove attachment weld.
Lastly, plants in the replaced category are those that have replaced the RPV head and have
(therefore, by definition) an EDY less than eight and have not experienced PWSCC in nozzle
penetrations or the J-groove weld (Ref. 21).

Each licensee is required to conduct the following inspections; however, the schedule varies
depending on the licensee’s susceptibility rating: 1) bare metal visual inspection (BMV-I) of
100% of the RPV head and nozzle penetrations, 2) nonvisual non-destructive examination
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(NDE) of a) the volume the RPV head penetration 2 inches above the highest point of the root
of the J-groove weld to 2 inches below the lowest point of the toe of the J-groove weld by
volumetric UT, or b) the entire wetted surface of the area of the RPV head penetration 2 inches
above the highest point of the root of the J-groove weld to 2 inches below the lowest point of
the toe of the J-groove weld by eddy current testing (ECT, or ET) or or penetrant testing (PT)
(Ref. 19).

For plants in the high susceptibility category, BMV-I of the head and NDE of the penetrations
are required every outage. For plants in the moderate susceptibility category, BMV-I of the
head and NDE of the penetrations may be alternated every outage. For plants in the low
susceptibility category, BMV-I of the head must be completed every third outage, and NDE of
the penetrations every forth outage. Lastly, for plants in the replaced category, no inspection is
required during the outage in which it is replaced and the inspection schedule thereafter will be
the same as that for low susceptibility plants (Ref. 19).

The 2004 revision to Order EA-03-009 specifies that if the surface of the RPV head located
downslope of the outermost RPV head penetration is obscured by support structures, the BMV-
I must include no less than 95% of the vessel head, and if any corrosion products or evidence
of boron is detected, then the support structure must be removed and the obscured region must
be inspected. In addition, the revision allows for a relaxation in the inspection of inconse-
quential portions of the RPV head penetrations. If the region greater than one inch below the
lowest point of the toe of the J-groove weld sees operating stresses less than 20 ksi in tension,
then only the volume from 2 inches above the highest point of the root of the J-groove weld to
1 inch below the lowest point of the toe of the J-groove weld is required to be inspected.
Furthermore, the clarification was made that a combination of UT, EC and PT may be per-
formed to screen equivalent volumes, surfaces, and leak-paths of the RPV head penetration 2
inches above the highest point of the root of the J-groove weld to 2 inches below the lowest
point of the toe of the J-groove weld (Ref. 21).

The GLs and INs issued in the 1980s and early 1990s stressed the deficiency of UT in
detecting flaws, and therefore promoted a leakage-based inspection plan that relied heavily on
a combination of NDE, but primarily visual inspection. NDE and UT analysis methods have
greatly progressed since that time and investigations into improved NDE methods are ongoing.
While visual inspection, particularly bare metal visual inspection, is still an integral part of the
inspection plan, it is being supplemented by other NDE technologies (mainly much improved UT
and ET methods) in an attempt to detect flaws before they result in leakage. This trend away
from leakage-based inspection is exemplified in EA-03-009.

2.0 FOREIGN AND DOMESTIC EVENTS

Over the past 35 years, incidents of boric acid corrosion wastage have been observed in
pressurized water reactors. The majority of reported boric acid corrosion events involved boric
acid that leaked from flanged joints and corroded the threaded fasteners of primary valves and
pumps, and the threaded closure studs on manways. Events involving leaking RPV head
penetrations that led to corrosive attack of the vessel head were reported with less frequency.
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In addition, there were no cases of boric acid corrosion wastage that proceeded to an extent

that compromised the structural integrity of the RPV head prior to the Davis-Besse incident in
2002 (Ref. 22). In this section, several germane events of boric acid corrosion that were not

discussed in the introduction are summarized.

The first reported incident of boric acid corrosion occurred at Haddam Neck in 1968. Carbon
steel valve bonnet bolts were severely degraded after a short exposure to a primary water leak.
This event identified the need to avoid exposure of low-alloy and carbon steels to borated
water, and prompted their replacement with more corrosion resistant materials in applications
that did not require the use of high strength materials (Ref. 23).

Following this first reported US incident, several incidents of boric acid corrosion of threaded
fasteners were reported during the 1970s, 1980s, and 1990s including events at Palisades,
Zion Unit 1, Calvert Cliffs Units 1 and 2, St. Lucie Unit 1, Surry Unit 2, Arkansas Nuclear One
Units 1 and 2, Maine Yankee, Fort Calhoun, HB Robinson, Oconee Units 2 and 3, Millstone Unit
2, Indian Point Unit 2, DC Cook Unit 2, Kewaunee, North Anna Unit 1, San Onofre Unit 2,
Waterford, and Davis Besse (Ref. 1, 22-24).

In 1970, one year after starting operation, the Swiss reactor Beznau Unit 1 experienced some
inconsequential boric acid wastage of the low-alloy steel RPV head. A canopy seal leaked at a
weld defect and produced a large deposit of boric acid crystals at the RPV upper head. After
removing the deposit and cleaning the head, a crescent-shaped region of attack was observed
adjacent to the CRDM nozzle penetration. The corroded region was 50 mm wide and 40 mm
deep. Dye penetrant testing and stress analysis were performed on the vessel head before it
was returned to service without repair (Ref. 25).

Boric acid corrosion of a weld in the suction piping of the reactor coolant pump was discovered
during an inspection at Calvert Cliffs in 1981. The dissimilar weld joint was composed of a
stainless steel clad carbon steel elbow that was welded with Inconel alloy to a stainless steel
safe end. The wastage, located on the surface of the carbon steel near the dissimilar metal
weld, extended 18 inches circumferentially around the 30 inch outside diameter pipe. The
region of corrosion attack penetrated 1/8 inch into the 3 %2 inch wall thickness (Ref. 24, 26).

Also in 1981, boric acid corrosion of an instrument isolation valve bonnet was observed at
Kewaunee. The bonnet assembly was replaced within the TS-allowed outage time, negating
the need for a plant shutdown (Ref. 24, 26).

In 1987, PWSCC of a pressurizer heater sleeve, made of Alloy 600, resulted in the leakage of
primary water onto the pressurizer head at ANO-2. The low-alloy steel (SA-533 Grade B Class
1) head experienced boric acid wastage that was 1 %z inches in diameter and 3/4 inches deep

(approximately 18% through-wall). The leaking nozzle was plugged and the pressurizer vessel
head was weld repaired before being returned to service (Ref. 24).

In 1988, at Millstone Unit 2, the RPV O-ring seals were found to be leaking on three occasions,
one of which caused boric acid corrosion of the closure region. The wastage encompassed
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nine RPV studs and two small regions of the cold leg nozzles. The RPV studs were replaced
and the cold leg nozzles were cleaned and returned to service (Ref. 1).

Boric acid corrosion of the containment liner, which spanned 30 feet in length and 0.1 inches of
the 1 inch original depth, was discovered at McGuire Unit 2 in 1989. Borated water from a
leaking instrument line compression fitting pooled on the containment liner and led to boric acid
corrosion attack (Ref. 1).

In 1989, the nut ring and bolts from beneath the reactor vessel nozzle flange at CRDM location
L-2 at ANO-1 were degraded due to BAC. Approximately 50% of one of the nut ring halves had
corroded away and two of the four bolt holes in the corroded nut half-ring were degraded such
that there was no bolt/thread engagement. An inspection of the flanges and the spiral wound
gaskets which were removed from between the flanges revealed that the cause of the leaks
was the gradual deterioration of the gasket material with age. The gasket at L-2 had been in
place since initial plant operation. The initial leakage flowpath at L-2 was across the face of the
flange, down the hold down bolt counterbore, then contacting the carbon steel nut ring. This
leakage flowpath had not been previously anticipated. Since the leakage did not travel to the
outside edge of the flange and because the nut ring area is not easily viewed, it was not
detected during previous routine inspections of the RV head area (Ref. 27)

During the period between 1989 and 1994 several leaks resulting in wastage with a maximum
depth of %2 inches were found in the carbon steel reactor coolant charging pump casings at
North Anna Units 1 & 2. The wastage was associated with cracks in the stainless steel
cladding (Ref. 28).

In 1991, the French reactor Bugey 3 experienced a leak from a CRDM nozzle penetration into
the RPV head. Water and boric acid crystals were found at the base of the penetration and a
small circumferential crack was observed at the root of the J-groove weld. Over a period from
1991 to 1996, extensive destructive examination was performed on the penetration. To better
understand the effect of the annulus leak on the low-alloy steel vessel head, the area of the
vessel head that made up the annulus was “peeled” using six transverse cuts. The surface was
examined and a leak path was identified. Boric acid corrosion wastage of a maximum depth of
60 um and a duplex corrosion product with a maximum thickness of 65 um was associated with
the leak path. This event led to the 1993 Electricité de France decision to replace all French
RPV heads that had Alloy 600 penetrations (Ref. 29).

In 1994, Calvert Cliffs Unit 1 experienced higher than expected corrosion rates of three carbon
steel nuts and one incore instrumentation (ICI) flange on the RPV head. The boric acid
corrosion was due to reactor coolant leakage past the ICI detector joint assembly, which
caused the build-up of concentrated boric acid on the flange components. Repairs of the
leaking flanges, which were known to have been leaking since 1993, were deferred until 1994
since the licensee assumed that the components would be exposed only to dry boric acid
crystals and thus the corrosion rates were expected to be low. The licensee assertion that the
boric acid would be dry was based on an incorrect estimated flange temperature of 500°F,
which would have been high enough to boil off the moisture in the boric acid. The actual flange
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temperatures were later measured as between 160°F and 295°F, in the temperature range of
the greatest boric acid corrosion rate (Ref. 30).

In 1996, workers in a Westinghouse shop discovered blistering, pitting, and linear indications in
a Callaway main coolant pump. These flaws were located outside of the gasket contact area of
the two opposing flanges of both the number 1 seal and thermal barrier. The blisters and
indications could be detected both visually and tactilely; and there was evidence of minor boric
acid wastage on the threaded area of the carbon steel studs. Crystalized boric acid was
discovered between the two flanges that were made of SA-182 Grade F 304 stainless steel.
The boric acid crystals had become wetted, and resulted in the continued boric acid corrosion
of the studs, which was evidenced by the blistering and pitting (Ref. 1).

In 1996, the French reactor Bugey 3 experienced further boric acid attack. A leak originated
from a misaligned bolted flange on a pressure vessel air vent line. Tricastin 4, another French
reactor, experienced a leaking canopy seal in 1998. Both of these events produced significant
amounts of boric acid deposits, however, the depth of boric acid attack to the upper vessel
head was only a few millimeters, and did not require repairs (Ref. 25).

In 1999, at Davis-Besse, the valve packing of nine primary pressure boundary valves leaked
and resulted in the boric acid corrosion of the carbon steel yokes. The most severe case
involved the wastage of 80% of the yoke’s cross section. The valves were repaired and
inspected for zero leakage before being returned to service (Ref. 1).

In 2000, at VC Summer, a through-wall crack in an Alloy 182 weld between a carbon steel hot
leg and a stainless steel pipe resulted in more than 200 pounds of boric acid crystals
accumulating near the welded joint. When the joint was cleaned, visible evidence of boric acid
corrosion was discovered on the carbon steel side of the joint, however, the depth of wastage
was immeasurable (Ref. 1).

The event that has attracted the most attention to date is the degradation of the RPV head at
Davis-Besse which was discovered in March, in 2002. The integrity of the reactor coolant
pressure boundary was significantly compromised. A triangular cavity approximately 5 inches
wide, 7 inches long, and completely through the low-alloy steel RPV head thickness was
located downhill of CRDM nozzle #3 approaching nozzle #11. The wastage consumed between
40 and 60 cubic inches of the vessel head. This reduced the reactor pressure boundary in the
vicinity of the boric acid corrosion attack to a section of stainless steel cladding ranging in
thickness from 0.199 inches to 0.314 inches. The cladding had an exposed surface area of
16.5 square inches and had deflected outward under system pressure. Additional boric acid
wastage was also observed near CRDM nozzle #2.

Prior to the Davis-Besse incident, the total amount of leakage through any of the through-wall
cracks in a CRDM nozzle into the annulus at any other plant was low, and occurred at low
leakage rates. In the case of Davis-Besse, evidence of a leak was not observed at an early
stage of its occurrence. The leak rate escalated as the axial crack extended resulting in
significant RPV head wastage. The exact mechanisms that led to this wastage are not fully

10
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understood. However, at the time of the event a root cause report was issued describing the
industry's understanding of the contributing factors that lead to the event (Refs. 2, 3). The five
steps in the suggested scenario, described originally in the Davis-Besse Root Cause Report
(Ref. 2) are as follows:

1.

Crack initiation and growth to through-wall: It is hypothesized in the root
cause report that the crack initiated due to PWSCC in CRDM nozzle #3 in
1993, approximately three years after plant operation began. It is further
hypothesized that between 1994 and 1996, the crack proceeded to grow
through the J-groove weld, which attaches the CRDM nozzle to the inside
of the RPV head, between 1994 and 1996. During this stage, the extent
of through-wall cracking was postulated to be extremely limited and the
RCS leakage was thought to be small.

Minor weepage / latency period: As the extent of through wall cracking
progressed, the RCS leakage would have entered the annulus, the region
between the Alloy 600 CRDM nozzle and the SA-533 Grade B low-alloy steel
RPV head. The environment created in the annulus made possible several
corrosion and concentration processes, including galvanic attack. These
processes could open the annular gap, possibly however, it could also be argued
that corrosion products and insoluble precipitation products, such as iron
metaborate and nickel iron borate, can plug the annular gap and greatly reduce
the leak rate. With the leakage rates still low, the annular leakage could
evidence itself as the classic "popcorn” crust of boric acid deposits. Unlike most
plants, existing boric acid deposits on top of the RPV head due to leaking CRDM
flange joints at Davis-Besse were not removed during previous outages. Ata
minimum, these pre-existing, and continuously incrementing deposits visually
shielded the boric acid emanating from the CRDM leak. These deposits could
have acted as "incubators" wherein the RCS leakage would be trapped under
the deposits. It is unclear which boric acid species were present within the
annulus; they could have ranged from concentrated aqueous solutions of boric
acid to molten boric acid and boric oxide. It is assumed that the oxygen content
in these species would be low, due to the limited pathway through the annulus,
coupled with the probable evacuation of superheated steam through the same
gap, and the presence of an uphill pressure gradient.

Late latency period: With the further progression of through-wall cracking, the
annular gap would presumably widen, and since the gap width extended over a
considerable portion of the annular length at Davis-Besse, the annulus flow area
would increase more quickly than the crack flow area. The potential annular
plugging discussed in the previous section is ignored in the root cause analysis,
favoring the opinion that the primary flow resistence would have been a result of
the crack dimensions, and not of the restriction offered by the annular geometry.

This version of the progression of the corrosion came from Reference 3.
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These conditions would make possible the entrance of oxygen into the annulus,
increasing wastage rates dramatically.

4. Deep annulus corrosive attack: In the scenario presented in the root cause
report, the annulus would continue to widen, resulting in a decreased flow
velocity out of the annulus, and a decreased differential-pressure, which would in
turn allow increased oxygen penetration and corrosion rates. However, EPRI
presented calculations of back-diffusion of oxygen against the flow stream at an
Arlie House meeting (Ref. 31), and suggested that oxygen back-diffusion could
be prevented by even low flow rates. The root cause report contends that
corrosion is presumably greatest in the vicinity of the crack since the leakage
through the crack would deliver new reactive oxidizing ions to the boundary layer
of the corroding metallic surface.

5. Boric acid corrosion: Once the leakage escalated to a high rate, the annulus
could have filled with an increasing amount of moist steam that would partially
flash as it exited the annulus. The large heat of vaporization required to vaporize
the leaking coolant would decrease the temperature in the steam of the leaked
coolant, and locally suppress the metal surface temperature. Thus, heat transfer
from the surrounding metal would no longer be adequate to immediately
vaporize the remaining portion of the leakage that did not flash. This effect
would allow for the increased wetting beneath the currently existing boric acid
deposits. As the crack widened and the leak rate increased, the corroding
annulus would begin to fill with increasingly concentrated boric acid solution.
Since the wetted area is a result of liquid flow from the crack, it would be
expected to be primarily downhill from the nozzle, which would result in the high
corrosion and wastage rates of the material of this area of the RPV head.

At the time that the root cause report was written, there was not enough information to support
the proposed sequence of events, nor the mechanisms that led to the observed RPV head
wastage. However, the degradation modes on the two extremes were well understood. For the
extremely small leak rates observed in most leaking CRDM nozzles, on the order of 10° to 10°
gpm, the leakage will completely vaporize to steam directly downstream from the principal
flashing location, which results in a dry annulus and no material wastage (Ref. 3).

The other extreme, the classic boric acid corrosion model studied in the set of Combustion
Engineering experiments that were mentioned in the introduction, involves borated water
dripping onto a hot metal surface. The accumulated solution is concentrated as the water boils
off, and enhanced by oxygen available from the ambient atmosphere. The evaporation process
locally cools the metal surface to the boiling point of concentrated boric acid solution, which
turns out to be the temperature at which boric acid corrosion is at a maximum. The extent of
cooling is a function of the leak rate, and in the case of Davis-Besse, the leak rate from CRDM
nozzle #3 was sufficiently high enough to cool the head and allow for the boric acid solution to
cover the walls of the cavity. From an inspection of these extremes, it is apparent that the rate
of leakage from CRDM nozzle #3 would have had to have been high (> 0.1 gpm) for the
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observed wastage to occur (Ref. 3).

The Davis-Besse root cause report offers a scenario that endeavors to explain the progression
of events based on the available data. However, the differences between the wastage at
Davis-Besse and incidences of CRDM cracking at other plants are still unclear.

In addition to the root cause report, Dominion Engineering Inc. made a presentation of their
technical assessment of the Davis-Besse degradation in May of 2002 (Ref. 32). This analysis
was based primarily on corrosion rates and mechanisms presented in the EPRI Boric Acid
Guidebook Revision 1 (Ref. 1). It includes Dominion's evaluation of the event based on
material loss mechanisms, boric acid corrosion tests that had been performed to date,
thermohydraulic calculations, and the chemical environment present in the annulus. In this
presentation, Dominion outlined the types of degradation mechanisms possible and their
likelihood based on the annulus and cavity size (Table 1). In addition, Dominion created a flow
chart depicting the degradation progression as a function of leak rate. These two tables help to
explain the conditions and mechanisms that could contribute to the RPV vessel head
degradation (Table 2). The Dominion presentation asserted that the leak rate is one of the
most important parameters in determining the extent of wastage. This is primarily due to the
fact that the extent of local cooling is dependent on the leak rate. As described above, to
achieve the rapid corrosion and

wastage seen at Davis-Besse, a sufficiently high leak rate (> 0.1 gpm) is necessary to locally
cool the metal surface to the boiling point of the boric acid solution. At this temperature, a
chemically aggressive, acidic environment is likely to exist, and an aerated, concentrated boric
acid solution is likely to pool in the nascent cavity, or on the vessel head surface (Ref. 32).
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Possible Material Loss Mechanisms

Extent of Wastage

Initial Tight Enlarged | Small Large
Annulus Annulus Cavity Cavity

Deaerated Boric Acid Low Rates

Corrosion:

Conc. Boric Acid Corrosion but

DO2 = 0-10 ppb

Dry BA or Boric Oxide Crystal Low Rates

Corrosion: Corrosion in Contact

with Dry Crystals and Humidity

Single-Phase Erosion: Possible for Less likely than for a Large flow

Potential Erosion if High Steam | high tight annulus area

Velocities leak rates precludes
high
velocities

Flow Accelerated Corrosion: Possible if liquid velocities high enough Unlikely as

Low-Oxygen Dissolution through | and temperature low enough oxygen

Surface Oxides stabilizes

Impingement / Flashing- Possible if droplets right size and momentum

Induced Erosion: Droplet and

Particle Impact Opposite Crack

Outlet

Crevice Corrosion: Believed not to be likely because low alloy Not possible

Liquid lonic Path from Top Head | steel does not passivate in an aerated, because no

Surface concentrated boric acid crevice
geometry

"Occluded Region" Galvanic
Corrosion: Driven by Potential
Difference between Dissimilar

Metals

Possible at locations where liquid solution exists

"Molten" Boric Acid Corrosion:
Corrosion in Pure or Nearly Pure
Melted BA Crystals

Possible but rate expected to be lower than for aerated BAC

Aerated Boric Acid Corrosion:
Concentrated Boric Acid Solution
with Oxygen

Not possible
due to low
oxygen deep in
crevice

Unlikely Possibly

Upto 1-5
inches
per year

Table 1: Material Loss Mechanisms (Ref. 32).
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Epri and CE Annulus Tests

\:

l

WV

Davis-Besse
Nozzle #3

Leak path to
annulus

Leak path to
annulus

Leak path to
annulus

Likely crack in nozzle
wall reaches above toj
of weld on OD and ID

Crack in nozzle wall
reaches relatively
high above top of

weld on OD and ID

!

!

!

!

!

zero leak rate

0.001 gpm

0.001 and 0.01
gpm

Hypothetical Possibly some Likely some . Likely requires some
: h May require some )
clogged opening up of opening up of : opening up of
opening up of annulus
annulus annulus annulus annulus
Hypothetical < on the order of Roughly between Roughly between 0.01 > on the order of 0.1

and 0.1 gpm

gpm

!

!

!

!

!

< on the order of

Roughly between

Roughly between 0.1

> on the order of 1

500°F

0fvs 0.01 ftfs 0.01 and 0.1 fi/s and 1 ft/s ft/s
600°F Close to 600°F Atleastroughly { | Roughly between 212 Close to 212°F

and 500°F

\

\

\

\

\

Fills annulus
up to
hypothetical
blockage

All liquid vaporizes
close to bottom of
annulus

Liquid film unlikely
to exist high in
annullus

Liquid film may cover
much of annulus walls

Liquid film covers
local top surface of
head

Table 2: Possible degradation progressions in which leak rate is the controlling parameter (Ref. 32).
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The MRP presents an alternative scenario to the root cause report. Referring to Figure 1, the
three stage model outlined below consists of the following: radial growth of the annulus, top-
down growth on the head top surface, and outward growth after cladding is exposed (Ref. 33).

1. Radial growth of the annulus: The small initial cooling rates are insufficient to allow
pooling of boric acid solution on top of the RPV head, and the lack of available oxygen
limits the corrosion rate in the annulus. In addition, the tight annulus may begin to open
due to steam cutting.

2. Top-down growth on the head top surface: As the crack length increases, the leak rate
increases, and oxygen begins to enter into the annulus. In the early stages of stage 2,
the liquid starts to flow onto the vessel head and concentrates as the water evaporates
on the hot vessel head. The cavity begins to take on an oblong shape as gravity acts on
the liquid, forcing it in a downhill direction. At this point, the head corrosion is analogous
to borated water dripping on a hot metal surface. Later in this stage, the cavity deepens
and the edges recede toward the nozzle. A constant 0.1 leak rate results in an
equilibrium volume of borated liquid on the vessel head, which primarily corrodes
downward through the vessel head thickness.

3. Outward growth after cladding is exposed: Wastage downward, in the direction of the
vessel head thickness, is stopped by the corrosion-resistant stainless steel cladding.
The corrosion continues, however, to consume the exposed vessel head surface
because of the equilibrium volume of liquid pooled on the cladding.

In many respects, the root cause report, Dominion's report, and EPRI MRP-75 are incomplete.
This is mainly due to the fact that the necessary data to support the hypotheses is unavailable.
Investigation of the corrosion rate and mechanisms involved in the wastage of low-alloy steel in
concentrated boric acid solutions is not well understood, especially under the temperature, flow
rate, and concentration of species that may have lead to the Davis-Besse RPV head wastage.
In particular, the species of boric acid (an aqueous solution, partially or fully dehydrated)
present during the initial stages of wastage is not known (Ref. 2). As the corrosion rate is
dependent on the species present, further investigation is necessary. In response to this event,
both EPRI and the NRC have started boric acid corrosion programs. These programs will be
discussed in a later section.

Following the findings at Davis-Besse, the NRC formed a lessons learned task force (LLTF).
The LLTF developed 50 recommendations, many related to stress corrosion cracking and boric
acid corrosion. An action plan was developed to address the details of the recommendations,
including the requirement to develop this report, and provide guidance to future inspections.
The NRC has mandated that all activities related to the LLTF action plan must be completed by
May 2005 (Ref. 34). A great deal of relevant information is available at the NRC website,
http://www.nrc.gov/reactors/operating/ops-experience/vessel-head-degradation.html.
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Figure 1: Cavity Progression for a top-down corrosion mode (Ref. 27).

Sequoyah Unit 2 also experienced head wastage in 2002, yet to a much lesser extent than at
Davis-Besse. During a forced outage, the licensee discovered a primary coolant leak from an
improperly reassembled compression fitting on the Reactor Vessel Level Indication System
(RVLIS). The leaking fitting sprayed a fine mist of reactor coolant at a rate of approximately
0.001 gpm onto the vessel head insulation. The coolant seeped through a seam in the
insulation and onto the low-alloy steel vessel head, where it resulted in the wastage of a finger
sized groove, which was 5 inches long, 5/16 inches wide and 1/16 inch deep. During the
previous outage, there were no indications of vessel head corrosion noted during a bare metal
visual inspection; the forced outage and the observation of corrosion took place seven months

later (Ref. 35).
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At the low leak rates experienced at Sequoyah, the coolant would be expected to boil off quickly
when it came in contact with the hot vessel head, leaving dry boric acid crystals that cause
extremely low corrosion. However, the continuing mist of coolant may have humidified or
hydrated the boric acid crystals, which resulted in the observed corrosion rate of 0.02 inches/
month (Ref. 30). The results of the NRC boric acid corrosion program that was performed at
Argonne National Laboratory (Ref. 3) will discuss this phenomenon in greater detail.

During the 2003 refueling outage at Three Mile Island Unit 1 (TMI-1), inspectors discovered
boric acid crystals between the pressurizer heater bundle (PHB) diaphragm plate and the PHB
cover plate. The licensee determined that the leak path emanated from the lower PHB through
the edge of the PHB diaphragm plate. During the previous outage, the licensee misdiagnosed
the deposits as an inactive leak from a previous event. Due to this oversight, the licensee did
not remove the PHB cover plate to inspect for the leak path, and did not perform NDE to
identify the flaw that led to the leakage. This omission allowed the degradation to proceed until
the next outage in 2003 at which point it was determined that the leak had existed since 1998.
The crack in the PHB diaphragm plate, caused by PWSCC, leaked borated water onto the
carbon steel PHB cover plate and caused severe boric acid corrosion. The cover plate wastage
was approximately 1.35 inches deep and 7 inches across. The licensee replaced the PHB,
PHB diaphragm plate, and PHB cover plate to correct for this failure (Ref. 36).

During the same outage at TMI-1, leakage from a non-safety related chemical addition valve,
which was identified in the 2001 outage, resulted in the boric acid corrosion of the carbon steel
containment liner. The wastage of the moisture barrier in the cylindrical portion of the
containment liner spanned 20 feet in length, 2 to 4 inches in width, and had a maximum
reduction in wall thickness of 18.4%. At the time that the leakage was identified in 2001, the
licensee did not take into account the effect of the boric acid leakage, which was directly above
the degraded area, on the containment liner and moisture barrier.

These two events once again bring attention to the fact that licensees are not properly utilizing
the full breadth of industry operating experience and current knowledge of boric acid wastage
mechanisms to identify possible scenarios that would create boric acid corrosion.

Figure 2: The boric acid wastage
left corner of the oval-shaped
the six inch diameter head bolt

_‘ at Sequoyah Unit 2 starts at the top
W\ stain and extends 5 inches toward
covers (Ref. 31).
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REVIEW OF CURRENT NRC AND INDUSTRY TEST PROGRAMS

The repeated occurrences of boric acid corrosion and the deficiency of the current state of
knowledge with regards to boric acid corrosion rates and mechanisms have spurred both industry
and NRC test programs on this topic. To provide technical insight about leak path development
and boric acid corrosion of RPV head steels, the NRC, with cooperation from Pacific Northwest
National Laboratory (PNNL) and EPRI, has begun nondestructive and destructive examination of
the North Anna Unit 2 (NA-2) vessel head penetrations (Ref. 37). In addition to the NA-2 project,
the NRC, in collaboration with Argonne National Laboratory (ANL), has completed its boric acid
corrosion program that included measurement of electrochemical potential and corrosion rate tests
of the materials found in the RPV head and CRDM nozzles (Ref. 3). Industry researchers have
also begun an in-depth boric acid corrosion program that will include tests of full-scale mock-ups
of a CRDM nozzle penetration (Ref. 38). These test programs, their expected impact, and any
significant results will be reported in this section.

The North Anna Unit 2 RPV head destructive examination program began in 2003 with the
objectives of providing technical insight about weld and base metal cracking; the correlation of NDE
to actual cracks; and the correlation between leak path development and RPV head steel boric acid
corrosion. With respect to boric acid corrosion, the program aims to characterize the annulus
environment and identify any low-alloy or carbon steel corrosion; and to determine the degradation
mode that lead to leakage and the subsequent leak path through the pressure boundary of
previously repaired nozzles. The UT patterns of the NA-2 CRDM head penetration taken in 2003
revealed several possible leak paths. These leak paths may be evidence of boric acid corrosion.
Additional NDE and destructive examination that is scheduled for 2004 and 2005 will provide
verification of this assertion (Ref. 37).

While boric acid corrosion wastage is a known degradation mechanism, the severity of the RPV
head wastage at Davis-Besse was not anticipated. Prior to the event, it was believed that at low
leak rates, approximately 10° to 10°° gpm, the leaking coolant would completely vaporize to steam
resulting in dry boric acid crystal deposits, which cause essentially no corrosion. The Davis-Besse
event proved that this is not always the case. As mentioned in the previous section, many
scenarios were developed that describe possible mechanisms and conditions that could have led
to an increased rate of RPV head wastage. Yet, these scenarios were largely unsubstantiated by
experimental data. In response to this need to expand the state of knowledge with respect to
corrosion and wastage of RPV head steels in concentrated boric acid solutions, the NRC and
Argonne National Laboratory conducted electrochemical potential and corrosion rate experiments
(Ref. 3).

The NRC and ANL program produced the needed experimental data for electrochemical potentials
(ECP) and corrosion rates of the A533 Grade B low-alloy steel vessel head, the Alloy 600 CRDM
nozzle, and the 308 stainless steel weld clad in varying concentrations of boric acid solutions at
temperatures between 95-316°C (203—600°F). ANL performed ECP tests on A533 Grade B steel,
Alloy 600, and 308 SS to determine the effect of galvanic corrosion on the wastage of these
materials. The galvanic differences between these materials do not point to galvanic corrosion as
a strong contributor to the overall wastage process.
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The corrosion rate tests simulated a range of possible annulus conditions: (a) low leakage rates
through the nozzle with the annulus plugged, (b) low leakage rates through the nozzle with the
annulus open, and (c) high leakage rates that result in substantial local cooling. These annulus
conditions were simulated using the following chemical environments: (a) high temperature, high
pressure aqueous boric acid solutions of varying concentrations, (b) high temperature molten salt
solutions, and (c) low temperature, approximately 95°C, boric acid solutions of varying
concentrations, including saturated. Only the low-alloy steel exhibited any appreciable wastage.
The Alloy 600 and 308 stainless steel experienced virtually no wastage.

When leakage rates are low and the annulus is plugged, the environment in the annulus is the
same or similar to the dilute, deoxygenated character of the reactor coolant. This situation
corresponds to a high temperature, high pressure environment with varying levels of boron and
lithium. In the set of experiments conducted to simulate these conditions, the solutions contained
either 4000 wppm B or 9090 wppm B, the pressure was 1800 psi (12.4 MPa), and the temperature
ranged from 25-316°C. The corrosion rates of all of the alloys were very low for these solutions
at elevated temperatures, less than 0.1 mm/yr., varying up to as large as 8 mm/yr. at temperature
below 150°C.
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Figure 3: Measured corrosion rates of carbon and low alloy steels in boric acid solutions at 1800 psi (Ref. 3).

When the leakage rates are low and the annulus is open, the leaking borated water flashes and
boric acid crystals are deposited on the hot (>300°C) RPV head. This scenario allows for
development of high temperature molten salt solutions at ambient pressures, in which moisture
may or may not be present. When there is no moisture present, none of the alloys experienced
corrosion. However, very high corrosion rates were observed for A533 Grade B low-alloy steel
in humidified, supersaturated molten salts of H-B-O at 140-170°C. In fact, corrosion rates
approaching 150 mm/yr., or approximately 6 in./yr., have been measured at a temperature of
150°C.
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Figure 4: Measured corrosion rates for A533 Grade B low-alloy steel in molten H-B-O system with additions of water (Ref. 3).

When the leak rate is greater than 0.1 gpm and the annulus is open, the heat of vaporization
will provide local cooling and result in low temperature, saturated boric acid solutions that are
concentrated through boiling and enhanced by oxygen from the atmosphere. These conditions
were simulated using saturated (37,000 wppm B) and half-saturated (18,500 wppm B), boric
acid solutions at 97.5°C. This set of experiments yielded a steady-state corrosion rate of 44
mm/yr. (1.7 in./yr.) and a transient corrosion rate of 93 mm/yr. (3.6 in) for A533 Grade B low-
alloy steel in the saturated solution. The half-saturated solution produced a corrosion rate that
was approximately a factor of two lower than that of the saturated solution. In addition, aerated
solutions produced corrosion rates that were approximately a factor of two greater than that of
the deaerated solution.

21



Survey of Boric Acid Corrosion Experience
Rev. 9 - October 22, 2004

LIS B e
10° & =
= B .
~ = ‘—~§§~§‘ O -1
E [ A A T T ]
(O]
?UJ 101:_ =
o o 3
c C ]
5 C .
o L -
e - .
S .0
O 10 ——6— Satd. Aerated E
C -- -&- - - Satd. Deaerated ]
C — - A - - Half-Satd. Aerated ]
L A Half-Satd. Aerated (used) i
10-1|||||||||||||||||||||||||||||||||||||||

0 50 100 150 200 250 300 350 400
Exposure time (h)

Figure 5: Average corrosion rates for A533 Grade B steel in several boric acid solutions at 97.5°C (Ref. 3).

The NRC and ANL joint program produced valuable experimental data that may aid in the
diagnosis and prevention of future incidences of boric acid corrosion. One of the most
important findings of this program is that the corrosion rate of A533 Grade B steel in humidified
molten salts of H-B-O can cause wastage at rates as high those for a saturated aqueous
solutions. The importance of this issue was not fully recognized prior to the completion of this
program, and may influence future inspection programs. The Industry MRP test program,
which is scheduled for completion in 2006, will likely reproduce these results.

The industry program, headed by EPRI, was designed to fulfill a similar need as the NRC boric
acid program. The objectives of the industry program, are to further the understanding of the
progression of boric acid wastage at RPV head penetrations, determine plant specific
parameters that may influence wastage, and support the development of required inspection
intervals for PWR plants of varying head designs. The program encompasses four tasks:

(1) a heated crevice test to determine which species in the H-B-O system is present during
stagnant and low flow conditions and to determine the influence of these species on corrosion
rates, (2) a flowing loop test to analyze moderate and high flow conditions, which can perform
real time corrosion rate and electrochemical potential tests under laminar and impact flow,

(3) a series of separate effects tests to determine the corrosion rates of conditions that have not
been studied to a great extent such as galvanic coupling and contact with molten boric acid,
and (4) a series of full scale mock-up tests to determine corrosion rates under representative
CRDM nozzle leakage conditions including leak rates ranging from 0.0001 to 0.3 gpm,
controlled thermal conditions, full size nozzles, simulated crack geometries, and interference fits
(Ref. 33).

The results of both the industry and NRC/ANL boric acid test programs will be included in
Revision 2 of the EPRI Boric Acid Guidebook (BAGB) scheduled for publication in 2007. The
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original BAGB, published in 1995 and revised in 2001, was designed to provide support to
licensees in their evaluation of ongoing degradation. It is a compilation of the utilities' boric acid
corrosion experience and the boric acid corrosion programs that were completed at the time of
the guidebook's publication (Ref. 38).

SUMMARY

Boric acid corrosion poses a considerable maintenance problem for licensees of pressurized
water reactors, and has had a significant impact on the integrity of low-alloy and carbon steel
components (Ref. 1). In response to the continued occurrence of boric acid wastage, which
has raised concern within the agency and industry, the NRC has issued several GLs, bulletins,
INs, and an order to address this issue. The occurrence of RPV head degradation by boric acid
corrosion has changed the emphasis of many inspection plans from leakage-based inspection
to crack detection before leakage.

There is more than 35 years of industry experience with this degradation mechanism, however,
there is still a large deficit of knowledge with respect to the conditions and mechanisms that
produce this phenomenon (Ref. 22). The Davis-Besse RPV head wastage that occurred in the
years leading up to March, 2002 has spurred renewed interest into research of boric acid
wastage and has shown that this process is still not well understood. Both the NRC and
industry have implemented boric acid corrosion test programs.

The results of the NRC boric acid corrosion test program have shown that the galvanic
difference between A533 Grade B steel, Alloy 600, and 308 stainless steel is not significant
enough to consider galvanic corrosion as a strong contributor to the overall boric acid corrosion
process. In addition, the NRC test program has found that the corrosion rate of A533 Grade B
steel in contact with molten salts of the H-B-O system at 150°C to 170°C can be as great as
that of A533 Grade B steel in contact with an aqueous, aerated solution of boric acid at
temperatures near the boiling point. Furthermore, the NRC/ANL test program was able to
reproduce the aqueous boric acid corrosion rates produced in both the B&W and Westinghouse
experiments (Ref. 3). The industry test program, which will be completed in 2006 should report
similar findings, and the full-scale mock-up will be useful in determining the plant specific
parameters that affect corrosion rates.

CONCLUSION

The continued boric acid corrosion research has determined corrosion rates that support the
probable rates at Davis-Besse and has produced interesting results. For example, the UT
patterns of the NA-2 CRDM head penetration in 2003 revealed several possible leak paths that
may be evidence of boric acid corrosion. Destructive examination that is scheduled for 2004
and 2005 will provide verification of this asserted correlation (Ref. 38). In addition, the molten
boric acid corrosion rate finding may be an explanation for field observations of boric acid
corrosion that could not be explained, such as the Sequoyah Unit 2 event in 2003.

In spite of recurring incidents, and regardless of the issuance of numerous NRC guidance
documents, licensees continue to overlook, or misinterpret observations of boric acid species
accumulation, and the corrosion that may consequently result. Several industry research
programs have focused on the issue of boric acid corrosion in now-completed test programs.
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The B&W owners group published the results of a calculation that indicated the severity of head
wastage that could occur as a result of CRDM nozzle cracking, and Westinghouse conducted a
research program that involved a mock-up of a CRDM to RPV head weld exposed to boric acid.
These programs, as well as others, addressed the severity of boric acid corrosion on carbon
steel. While information was lacking in regards to a few specific conditions prior to the EPRI
and NRC test programs currently in progress, the overall consequences of boric acid corrosion
were well-known, and reasonably well-documented.
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