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PURPOSE AND SCOPE OF THE ROOT CAUSE ANALYSISREPORT

Purpose

Determine the root and contributing causes for Reactor Pressure Vessel closure head (RPV head)
damage experienced at nozzle 3 and minor corrosion at nozzle 2, to support the operability
determination for the station’ s as-found condition and the future repair plan.

Scope

Very early in the development of the response to this condition, it became clear that the technical
causes behind the cracking of the Control Rod Drive Mechanism (CRDM) nozzles and the
ensuing corrosion of the head material would draw much attention and comparison to the
previously developed body of knowledge on related topics and conditions. In fact, the possibility
of nozzle cracks existing at Davis-Besse was well recognized prior to the condition, but the
identified significant damage to the RPV head had not been anticipated.

The unexpected finding of the significant damage at Davis-Besse immediately became a concern,
both for the possible extent of condition implications at Davis-Besse and the potential impact to
the industry. Therefore, the objective of the Initia Investigative Team was a prompt investigation
into the primary cause(s) of the damage. This Root Cause Analysis Report supports this specific
objective. These initial findings are expected to invite input from industry experts and scientists
resulting in additional study of the evidence, and further research into the topics of CRDM nozzle
cracking and boric acid corrosion.

Owing to the urgency in developing useful insight to the plant and the industry, revision O of this
report has been prepared with the full knowledge that a number of activities are still continuing.
These have been captured as action items in the report, and the results of these could lead to a
future revision to the report. It isexpected that these activities will provide additional
understanding, but should not affect the fundamental conclusions of this report.
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1.0 Problem Statement

1.1 Reason for Investigation

Significant degradation of the reactor pressure vessel top head base metal was discovered at
nozzle 3 (toward nozzle 11) and minor corrosion at nozzle 2 during the thirteenth refueling
outage (13RFO) in March, 2002.

This root cause report addresses the cause of the loss of RPV head base metal in the region of
nozzle 3 and 2. Thisissue of the root cause report addresses conditions and information available
through April 6, 2002.

1.2 Consequences of Event/Condition Investigated

The RPV head is an integral part of the reactor coolant pressure boundary, and its integrity is vital
to the safe operation of the plant. Degradation of the RPV head or other portions of the reactor
coolant pressure boundary can pose a significant safety risk if permitted to progress to the point
where there isrisk of aloss of coolant accident. Analysisindicates that the as-found condition of
the affected nozzles would not have been expected to result in failure of the pressure integrity of
the reactor coolant system. However, the degraded condition had been progressing over a period
of time, without knowledge of the condition.

1.3 Immediate Actions Taken

1. Atthetime of discovery, the plant was already in a safe, shutdown condition. Ongoing
outage activities related to the repair of the CRDM nozzle on the RPV head were suspended.

2. A root cause evaluation team was convened to perform the initial investigation.
3. A plan was created to preserve and collect, evidence necessary for the investigation.
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2.0 Event Narrative

2.1 Background

Davis-Besse is araised loop pressurized water reactor (PWR) manufactured by Babcock and
Wilcox (B&W). The reactor licensed thermal power output is 2772 megawatts. The plant
achieved initial criticality on August 12, 1977. The RPV has an operating pressure of 2155 psig
and a design pressure of 2500 psig. Davis-Besse has accumulated 15.78 effective full power years
(EFPY) of operation when the plant was shut down for 13RFO.

The RPV head has 69 CRDM nozzles welded to the RPV head of which 61 are used for CRDMs,
seven are spare, and one is used for the RPV head vent piping. Each CRDM nozzleis
constructed of Alloy 600 and is attached to the RPV head by an Alloy 182 J-groove weld. The
RPV head is constructed of low-alloy stedl and isinternally clad with stainless stedl. Figures 1, 2
and 3 show the arrangement of the Davis-Besse RPV head. Figure 1 isa section view through the
RPV centerline, Figure 2 is a plan view from the top of the RPV closure head, and Figure 3 shows
how the CRDM nozzles are welded into the RPV head.

Throughout this report the CRDM nozzles will be addressed as nozzles 1, 2, ...69 and not the
associated nozzle core grid location. Given that many of the sources referenced during the root
cause anaysis utilized the nozzle core grid location, the list below provides a correlation between
the CRDM nozzle and core grid location.

CRDM CORE GRID CRDM CORE GRID CRDM CORE GRID
NOZZLE # LOCATION NOZZLE # LOCATION NOZZLE # LOCATION
1 H8 24 N8 47 D12
2 G7 25 H4 48 N12
3 G9 26 E5 49 N4
4 K9 27 Ell 50 C5
5 K7 28 M11 51 Ci1
6 F8 29 M5 52 E13
7 H10 30 D6 53 M13
8 L8 31 D10 54 Ol11
9 H6 32 F12 55 05
10 F6 33 L12 56 M3
11 F10 34 N10 57 E3
12 L10 35 N6 58 B8
13 L6 36 L4 59 H14
14 E7** 37 F4 60 P8
15 E9* 38 Cc7 61 H2
16 G11* 39 C9 62 B6
17 K11* 40 G13 63 B10
18 H9* 41 K13 64 Fl14
19 M7* 42 09 65 L14
20 K5* 43 o7 66 P10
21 G5* 44 K3 67 P6
22 D8 45 G3 68 L2
23 H12 46 D4 69 F2

* Spare nozzles
**Head vent connection
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On August 12, 2001, Davis-Besse received Nuclear Regulatory Commission (NRC) Bulletin
2001-01 Circumferential Cracking of Reactor Pressure Vessel Head Penetration Nozzles
(reference 3.5). In discussion held with the NRC on November 28, 2001, in response to this
bulletin, Davis-Besse committed to a 100% qualified visual inspection, non-destructive
examination (NDE) of 100% of the CRDM nozzles and characterization of flaws through
destructive examination should cracks be detected. During performance of these inspections
during 13RFO significant degradation of the RPV top head base metal was discovered between
nozzles3 and 11 and some minor corrosion at nozzle 2 in March 2002.

2.2 Sequence of Events

Because the sequence of eventsisin part developed based upon inferred information rather than
conclusive validated facts, a sequence of events will not be discussed here. Instead the data
analysis section will develop the bases for the sequence of events in determining the associated
causes. Attachment 2 provides a sequence of relevant events from source documents reviewed
during the root cause analysis process. Figures 26 and 27 provide atimeline of key events related
to RPV head boric acid corrosion and the event and causal factors chart that provide a summary
level sequence of events information developed as a result of the data anaysis.
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3.0 Data Analysis

The data analysis section provides a summary of the data gathered during the root cause
investigation. The data gathered for this analysisis from related potential condition adverse to
quality reports (PCAQRs) and condition reports (CRS), the System Engineer’ s System
Performance Book, pictures taken during inspections, personnel interviews, procedures, and other
documents identified in the references section.

3.1 Non-Destructive Examination of RPV Head and Nozzles

The following is a summary of the non-destructive examination effort on the cracked nozzles and
degraded RPV head. After remova of insulation from the RPV flange early in 13RFO, boric acid
crystal deposits and iron oxide were found to have flowed out from several of the openings
(mouse holes) in the lower service structure support skirt (Figure 20). Figure 4 shows deposits
on the flange during the inspection in the twelfth refueling outage (12RFO).

Blade probe ultrasonic (UT) examination of the CRDM nozzles from below the RPV head for
circumferentia cracks and large axia cracks, identified axial cracksin nozzles 1, 2, 3, 5, 47, and
58. Supplemental top-down UT examination of these nozzles confirmed through-wall axial
cracks extending above the J-groove weld elevation in nozzles 1, 2 and 3. Axial cracks were
confirmed in nozzles 5 and 47, but they did not extend above the top of the J-groove weld and
would not have caused aleak. Axia cracking was not confirmed in nozzle 58. A small (34° arc
length and 0.34" deep) circumferential crack was discovered above the J-groove weld on the
outside of nozzle 2 on the downhill side. It was determined that al five nozzles would be repaired
by boring out the lower part of the nozzle containing the cracks, and rewelding the end of the
nozzle to the opening in the RPV head using the Framatome ANP repair method.

After removing the lower part of nozzle 3, a cavity was discovered in the low-aloy steel RPV
head material above the J-groove weld on the downhill side. Additionally, after removing the
lower part of nozzle 2, a smaller area of corrosion of the low-alloy steel RPV head material was
discovered between the bottom of the machined nozzle and the top of the J-groove weld (Figure
5). Thisareaof corrosion was found to extend under the portion of the nozzle left in place after
machining.

After pulling nozzle 3 and cleaning by hydrolasing, the top of the RPV head was inspected using a
video camera on along pole through the vacated nozzle 3 penetration. This inspection showed a
large cavity in the low-alloy steel RPV head materia between nozzles 3 and 11 (Figure 6). The
area with missing material was reported as being about 6.6" long and approximately 4-5" at the
widest point. Ultrasonic thickness measurements from the underside of the RPV head showed the
thickness of the remaining materia (cladding) to be an average of approximately 0.3", whichis
greater than the 3/16” nomina or 1/8" minimum specified clad thickness. The videotape
inspections also showed a small area of corrosion where nozzle 2 penetrates the RPV top head
surface. The small area of corrosion at the top of nozzle 2 was found to lie directly over the area
of corrosion at the bottom of nozzle 2 as seen in Figure 5. The videotape inspection also showed
evidence of asmall leak path where nozzle 1 penetrates the RPV top head surface.
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3.1.1 Potential Evidentiary Request List

One of the first priorities of the root cause evaluation team was to collect and preserve the
evidence necessary to facilitate the root cause evaluation. A Potential Evidentiary Request List
was created specifying the evidence to be collected and preserved and the reason for collecting
the evidence. Thelist was revised several times throughout the evaluation. The latest revisionis
included as Attachment 1. Thislist was used to create integrated examination and inspection
plans for field implementation.

3.1.2 Locations of Cracks and Corrosion on RPV Head

Figure 7 shows locations of cracks and corrosion on the Davis-Besse RPV top head surface. This
figure isincluded to serve as a reference for the following descriptions of the degraded areas.

3.1.3 NDE Examinations of CRDM Nozzles

Automated ultrasonic examinations of all 69 CRDM nozzles were performed from beneath the
RPV head using the ARAMIS inspection tool and a“Circ.” blade probe. The techniques utilized
for this examination are intended for the detection and through-wall (depth) sizing of
circumferential inside diameter (ID) and outside diameter (OD) initiating flaws in the nozzle base
metal only. Forward scatter time of flight detector (TOFD), longitudinal-wave techniques are
used. The examinations were conducted from the bore of the CRDM nozzles in the J-groove
weld region of the nozzle.

The examinations performed with the blade probe consisted of scanning for circumferential and
significant axial flaws within the nozzle wall. The tooling consisted of a blade containing a
nominal 5 MHz, 50 degree TOFD transducer set. The circ. blade probe provides flaw detection
(axia and circumferential flaws) and sizing (non-axial flaws) information. For the forward scatter
transducers, flaw detection isidentified by loss of signal response either from the lateral wave or
backwall responses as well as the presence of crack tip diffracted responses.

Prior to the examinations, demonstrations were performed using the Electric Power Research
Institute (EPRI)/Materials Reliability Program (MRP) samples removed from Oconee. This
demonstration showed that circumferential and axia flaws can be detected with the circ. blade
probe.

During the initial examination, some nozzles had areas where the gap between the nozzle and the
leadscrew mechanism was too narrow to insert the probe. All of these areas were rescanned after
theinitial inspection by moving the leadscrew support tube to open the gap for examination.

The examination with the blade probe identified potential flaw indicationsin nozzles 1, 2, 3, 5, 47
and 58. Because amost al of the flaws detected on these nozzles were characterized as axial,
only limited information was available with the circ. blade probe. These axial flaws could have
been characterized using axial blade probes. However, because there was a high probability that
these nozzles would require repair, the CRDMs for these nozzles were removed to perform
additional UT examination using the top-down tool.

The top-down tool contains 10 transducers and provides the ability to detect and characterize
axia and circumferential flaws and also provides additional information required for the repair
activity. Images of the nozzlesidentified for repair are included in the reference 1.1 report and
show the various features required to implement the repair. These generally include the location
of the RPV head OD, the elevation of the proposed cut line, and the location of the top of the J-
groove weld.
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Automated ultrasonic examinations of CRDM nozzles 1, 2, 3, 5, 47 and 58 were performed using
the top-down inspection tool. The techniques utilized for the examination are intended for the
detection and through-wall (depth) sizing of axia and circumferentia 1D and OD initiating flaws
in the nozzle base metal only. Forward scatter, longitudinal-wave and backward scatter shear
wave techniques were used. The examinations were conducted from the bore of the CRDM
nozzles in the J-groove weld region. The potentia flaw indication on nozzle 58 was determined
to be afase indication using the top-down tool, potentially due to nozzle ovality.

The inspections consisted of scanning for axial and circumferential flaws within the nozzle. The
tooling consisted of atransducer head that holds 10 individual search units. These search units
were divided into two sets, one for the axial beam direction and one for the circumferential beam
direction. The axial beam search units consisted of 5.0 MHz, longitudina wave forward scatter
time of flight search units with angles of 30° and 45°; backward scatter pulse echo, 2.25 MHz 60°
shear wave search units; and a’5.0 MHz 0° search unit. The circumferential beam search units
consisted of 5.0 MHz, longitudinal wave forward scatter time of flight search units with angles of
45°, 55°, and 65°; backward scatter pulse echo, 2.25 MHz 60° shear wave search units; and a 5.0
MHz 0° search unit.

The detection of flaw indications is based upon the expected responses for each search unit and
technique. The 0° transducer provides weld position information and also provides positional
information regarding any lack of backwall response in the region of the flaw. The forward
scatter time of flight techniques provide flaw detection and sizing information. For the forward
scatter transducers, flaw detection isidentified by loss of signa response either from the lateral
wave or backwall responses as well as detection of crack tip diffracted responses. The 60° shear
wave transducer provides detection by means of corner trap responses between the flaw and
nozzle surface and sizing with tip diffracted signals.

Reference 1.1 contains the data sheets from ultrasonic examination of the six CRDM nozzles that
were identified as having flaws with the blade probe. Included in this report are the data sheets
for the blade UT and the rotating UT using the top-down tool. Images of the UT data are also
included to show the features identifying detected flaws.

The datawas also reviewed for evidence of aleak path in the penetration bore with the blade and
rotating UT techniques. Leak paths were detected in nozzles 1, 2, and 3 with blade and rotating
UT. Images of the leak paths are included in the reference 1.1 report. Subsequent review by
EPRI of all UT results indicated that although nozzle 46 had no detected cracks, some evidence
of aleakage flow path was identified, due to the characteristics of the backwall reflection.

The examination results are summarized in the following table:

Nozzle # Summary of NDE Results
1 9 Axia Haws, 2 through-wall (TW) with aleak path
2 8 Axiad Flaws, 1 Circ. Flaw, 6 TW with aleak path
3 4 Axia Flaws, 2 TW with aleak path
5 1 Axia Haw
46 No Flaw Indication, potential leak path
47 1 Axia Haw
58 No Recordable Indications
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A pictorial layout of the identified flaws in nozzles 1, 2, 3, 5 and 47 is provided in Figures 7-12.
Detailed NDE results are provided in Tables 1-5.

3.1.4 Visual Examinations of RPV Top Head and Penetrations

Visual examinations were made of the RPV top head surface both before and after removing a
section of insulation over the nozzles of concern. The RPV head penetrations were also examined
following removal of nozzles 2 and 3. Results of these examinations were as follows:

Degradation at Nozzle 3

Degradation observed at nozzle 3 is pictorially shown in Figure 13. The 180° (uphill toward
nozzle 1) location is essentially intact, with little to no degradation. The 0° (downhill toward
nozzle 11) location exhibits the worst degradation, with the low-alloy steel material corroded
away, down to the stainless steel cladding, for approximately 6.6 inchesin length and 4 to 5
inches at the widest part. Figure 14 shows cladding thickness measurements made by UT from
the underside of the RPV head. (Note: There are severa low readings outside the designated area
of damage. These are attributed to inclusions or bad readings. These readings do not correspond
with visual observations, and will be further verified following excavation of the damaged area.)

From the 270° location to the 0° location (counterclockwise looking down from the top of the
RPV head), there is alarge undercut area. From the 0° location to the 90° location
(counterclockwise looking down from the top of the RPV head), the corrosion isless. Additional
datais forthcoming from profilometry and the failure analysis efforts.

Degradation at Nozzle 2

Degradation was observed at nozzle 2 following the initiation of repair efforts. Figure 5 and 5a
shows the observed area of corrosion. The overall corroded area, based on the video examination
and approximate measurements from the impression, is 3-1/2 to 4 inches in length starting from
the top of the RPV head, about 3/8 inch deep (at the deepest location approximately 1-3/4 inches
from the top of the RPV head), and between 1-1/4 to 2 inches at it's widest location. The depth
of corrosion decreased as the annulus opening was approached. Thistype of corrosion profileis
similar to testing that has been performed by EPRI (reference 5.3) regarding location of the
deepest corrosion and the fact that it could have been identified on the top of the RPV head.

Degradation at Nozzle 1

The observed degradation at the nozzle 1 location isminimal. A small, crevice (<1/16 inch wide
and about 3/4 inch circumferentially), located at the 270° location (looking down from top of
RPV head clockwise with 0° in the West direction), was identified at the surface of the RPV head.
The observed degradation at nozzle 1 was within the boundary of the pre-established repair plan.
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3.2 Cracks, Leaks and Corrosion

This data analysis section is a technical review of the causes of cracks and leaks throughout the
industry, and the resultant corrosion of the RPV top head surface. Thisinformation provides key
inputs to the probable cause determination.

3.2.1 CRDM Nozzle Cracks and Propagation to Leakage

The following isareview of cracking experiencein Alloy 600 RPV head CRDM nozzles, and
identification of the possible causes of cracksin Davis-Besse nozzles 1, 2, 3, 5 and 47.

Primary Water Stress Corrosion Cracking of Alloy 600 and Alloy 82/182 M aterials

There have been numerous incidents of cracked Alloy 600 nozzles, and Alloy 82/182 welds, in
domestic non-steam generator related PWR plant primary system applications since a pressurizer
instrument nozzle leak at San Onofre 3 in 1986. These applications include pressurizer instrument
nozzles, pressurizer heater sleeves, hot leg piping instrument nozzles, CRDM nozzles, steam
generator drain nozzles, RPV outlet nozzle butt welds, and a pressurizer spray line safeend. In
all cases, the leakage has been discovered before failure of the components.

In all but afew cases, cracking in nozzle applications has been attributed to primary water stress
corrosion cracking (PWSCC). The mechanism of PWSCC is not completely understood, and
prediction of crack initiation time has proven to be difficult, if not impossible. It is known,
however, that PWSCC of Alloy 600 occurs as aresult of the following three factors:

A susceptible material

A high tensile stress (including both operating and residual stress) at J-groove welds, roll
expansions, and expansion transitions

An aggressive environment (PWR primary water at high temperature)

The few exceptions are related to weld defects (Ringhals J-groove welds) and resin intrusions
(Zorita). Theseincidents are documented in EPRI TR-103696, PWSCC of Alloy 600 Materialsin
PWR Primary System Penetrations (reference 5.4).

The susceptibility of Alloy 600 material depends on severa factors including the chemical
composition, heat treatment during metal production, heat treatment during fabrication of the
component, and operating parameters. Alloy 600 is known to be susceptible to PWSCC with
some heats of material being more susceptible than others principally due to a poorer
microstructure.

High stresses are induced into the nozzle by the J-groove weld. Since the RPV head is tiff
relative to the nozzle wall, shrinkage of the J-groove weld during cooling pulls the nozzle wall
radially outward causing high tensile hoop stresses as shown in Figure 15 (the deflections in
Figure 15 are exaggerated to illustrate the welding induced distortion). If the nozzle is machined
prior to welding, higher stresses can be induced in the cold worked machined surface.

PWSCC has been the subject of much research and analysis in recent years as a result of the many
leaks that have been attributed to PWSCC. However, an accurate crack initiation model has yet
to be devel oped.

Effect of Alloy 600 Heat Treatments

Chemical composition and heat treatment are interrelated in severa ways. For example, one
reason for annealing Alloy 600 is to solutionize the carbon in the alloy. Asthe materia cools, the
available carbon and chromium will precipitate (in the form of chromium carbides) from solution
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at both intragranular and intergranular locations. If the cooldown from the anneal is sufficiently
sdow, a greater number of carbides will precipitate at the grain boundaries (i.e., intergranularly),
and the resistance to PWSCC will be improved.

WEell decorated grain boundaries are an indication that an Alloy 600 material has received a proper
heat treatment and that sufficient carbon was available in solution to combine with chromium. 1f
adequate amounts of carbon and chromium exist, but the anneal was not at a high enough
temperature or sufficient time was not allowed to solutionize the carbon, an adequate amount of
carbon will not be available to precipitate intergranularly as chromium carbides, leading to
minimal grain boundary decoration. For example, atemperature of 1850°F is necessary to
solutionize material with a carbon content of 0.04%.

The actual annealing temperatures for the Davis-Besse CRDM nozzle Alloy 600 materials could
not be located. However, the minimum range of annealing temperatures used by the manufacturer
(B&W Tubular Products) at the time were 1600-1700°F. Therefore, it can be assumed that the
microstructure of the heats of materia utilized on the Davis-Besse RPV head islikely to be less
than optimum relative to resistance to PWSCC. Additiona information on the microstructure will
be obtained during destructive examinations of nozzles 3 and 2.

Recent RPV Head Nozzle and Weld L eakage Experience

Thefirst leak from an RPV head CRDM nozzle occurred at the EAF Bugey 3 plant in Francein
1991. A small amount of leakage [<1 liter/hr (0.004 gpm)] was discovered on the outside surface
of the RPV head during a primary system hydrostatic test. Investigation showed the leak was
from athrough-wall crack in an outer rov CRDM nozzle that had initiated from the inside
surface. Failure analysis confirmed that the crack was PWSCC and that contributing factors
included susceptible material microstructure, stress concentration at a counterbore on the nozzle
inside surface, high hardness of the cold worked machined surface, and high residual tensile
stresses induced in the nozzle during welding.

Subsequent to the Bugey 3 experience, PWSCC of Alloy 600 base metal and welds has been
discovered in other PWR RPV heads worldwide. 1n 1994 a partia through-wall crack was found
at DC Cook 2. Likethe Bugey 3 crack, the crack at DC Cook 2 initiated on the ID surface of the
nozzle at the elevation of the J-groove weld. CRDM nozzle inspections have a so found shallow
craze cracking on the nozzle ID near the weld in afew nozzles at Oconee 2 and Millstone 2.

As of February 2000, about 6.5% of all EdF nozzles inspected had been found to contain cracks
and about 1.25% of inspected nozzles in other plants worldwide had been found to contain cracks
greater than the minimum measurable depth of about 2 mm (0.08 inches). Further details
regarding the extent of condition are provided in MRP-44, Part 2, PWR Materias Reliability
Program — Interim Alloy 600 Safety Assessments for US PWR Plants, Part 2: Reactor Vessel Top
Head Penetrations (reference 5.5).

In November 2000 a through-weld leak at a CRDM nozzle weld at Oconee 1 was attributed to
PWSCC. Laboratory analysis of aboat sample removed from this weldment confirmed that the
crack was PWSCC.

In February 2001, PWSCC was detected in nine nozzles at Oconee 3 that were from one material
heat (M3935) that had a yield strength of 48.5 ksi. Most of these cracks were axial and initiated
on the nozzle OD surface. However, some axia cracks had initiated on the ID and propagated
partially through the wall. In addition, most of the cracks that were found in Oconee 3 nozzles
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initiated below the weld, similar to those found at Davis-Besse. However, three Oconee 3
nozzles contained OD circumferential cracks above the weld.

In April 2001, Oconee 2 performed a visual inspection of the RPV head during a refueling outage
at the end-of-cycle 18 (approximately 21 EFPY). Boric acid crystals were observed at four
CRDM nozzles. The inspections performed at Oconee-2 in 2001 identified OD crack-like axial
indications below the weld on all four nozzles. Ultrasonic examinations showed that these
indications were OD-initiated and that none of the indications were through-wall. An OD-
initiated circumferential indication, 0.1 inch (2.5 mm) in depth and 1.26 inch (32 mm) in length,
was noted above the weld on one of the nozzles. Eddy current examinations of the ID of the
nozzles revealed shallow craze-type flaw clustersin all four nozzles that were distributed around
the entire ID circumference (360° and above the weld). Based on these results, the leak path was
through the interface between the nozzle and the J-groove weld.

In November 2001, a visual inspection of the top surface of the Oconee 3 reactor RPV head
showed evidence of primary water leakage on the RPV head surface. This inspection was
performed in accordance with Duke Energy’ s response to NRC Bulletin 2001-01 as a “ Qualified
Visual” inspection. Boric acid deposits with awet appearance were identified around four
CRDM nozzles and determined to be probable leak locations. Three additional CRDM nozzles
were identified as being masked by boric acid crystal deposits from an indeterminate leakage flow
path and were therefore classified as possible leaking nozzles. Thisis the same visual inspection
performed during the previous outages except that aVVT-2 qualified inspector participated. UT
examinations showed that five nozzles had indications that extended from below the weld to
above the weld indicating a leak path in addition to various other ID and OD indications. One
nozzle had a circumferentia indication in the nozzle above the weld. Seven CRDM Nozzles were
repaired during this outage using the automated Framatome-ANP “1D Ambient Temper Bead
Repair” technigque that is being employed at Davis-Besse.

At least five other PWRs have identified smilar PWSCC in the last year.

In summary, since November 2000, |eaks have been discovered from at least 30 CRDM nozzles at
PWRsin the United States. Most of the leaks have been through axial cracksin the nozzle base
material, but some have aso been through axial/radial oriented cracks in the J-groove welds.
Investigation of these leaks has led to the discovery of circumferential cracks above the J-groove
weld at some plants, including 165° through-wall circumferentia cracks in two nozzles at Oconee
3. None of these plants reported loss of material due to general corrosion that was similar to
Davis-Besse nozzle 3.

PWSCC Cracksin B& W Design PWR Plants

The most directly related experience has been cracking and leakage of CRDM nozzles at the other
B&W design plants: Arkansas Nuclear One Unit 1 (ANO 1), Crystal River 3, Oconee 1-3, and
Three Mileldand Unit 1 (TMI 1). All of these units have experienced cracks and leaks from the
nozzles near the J-groove weld elevation. The cracks have been predominately axial and have
tended to initiate on the outside surface of the nozzle at the weld toe or in the weld. In some
cases, there have been circumferential cracks in the nozzle wall above and below the J-groove
weld.

Laboratory examination of specimens removed from Oconee 1 and Oconee 3 confirmed that the
axial cracks (Oconee 1) and circumferential cracks above the J-groove weld (Oconee 3) were
PWSCC.
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Figure 16 shows the locations of the leaking nozzles in the B& W design plants. It should be
noted that the leaking nozzles are distributed across the RPV head. Figure 17 provides further
information regarding the distribution of leaking nozzles. This figure shows the fraction of all of
the nozzles at each row that have leaked and whether the cracks are purely axia or axial with
circumferential cracks above the J-groove weld elevation.

Lack of Fusion in J-Groove Welds

During a CRDM nozzle inspection at Ringhals Unit 2 in 1992, an indication was detected in the J-
groove weld at one of the penetrations. The indication was not indicative of PWSCC; rather, the
indication was attributed to a weld defect that occurred during fabrication of the CRDM nozzle to
the RPV head. The B&WOG took action to address this concern by acquiring additional data
from several sources. First, the datafrom Ringhals Units 2 and 4 and data from a cancelled
Westinghouse reactor, Shearon Harris, were acquired from the Westinghouse Owners Group
(WOG). Second, the B&W Owners Group (B&WOG) performed an inspection of the RPV head
from Midland Unit 1, which was a cancelled nuclear station fabricated by B&W.

An addendum to the B& WOG safety evaluation was prepared to analyze these data (reference
2.9). Thisevauation included a statistical review and analysis of the Jgroove weld inspection
data and a stress analysis of the CRDM J-groove weld to determine the minimum weld areathat is
required to meet the American Society of Mechanical Engineers (ASME) Boiler and Pressure
Vessel (B&PV) Code primary shear stress limits. It was shown in this report that the maximum
areas of weld lack of fusion detected for the Midland Unit 1, Shearon Harris, and Ringhals Unit 2
RPV heads are well below the ASME Code allowable limits for weld structural integrity. It was
concluded that alarge margin exists between the statistical bound of the total lack of weld fusion
areas in the Midland Unit 1 RPV head and the ASME Code alowable limits. Therefore, although
some areas of lack of fusion are expected to be observed, they do not giverise to a saf