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ABSTRACT

Cracking in pressurized water reactor (PWR) bottom mounted instrumentation (BMI) fabricated
from Alloy 600 base material was first identified at the South Texas Project, (STP) Unit 1 plant in
the United States (US). Based on the failure analysis of the BMI, the licensee concluded that
the cracking was due to primary water stress corrosion cracking (PWSCC). PWSCC has been
identified as the primary degradation mechanism affecting PWR high nickel alloy nozzles and
welds (e.g., Alloy 600 tubing, piping, or forging material, and Alloy 82/182 weld material) in the
reactor coolant system. To address these concems, the Nuclear Regulatory Commission
(NRC) issued NRC Bulletin 2003-02, "Leakage from Reactor Pressure Vessel Lower Head
Penetrations and Reactor Coolant Pressure Boundary Integrity,” on August 21, 2003, to all
holders of operating licenses for PWRs. The purpose of the bulletin was to request information
from the industry related to the structural integrity of the reactor pressure vessel BMI nozzles at
PWR facilities. This report summarizes the NRC staff’s review of licensee responses to the
Bulletin, licensee’s BMI inspection results, industry activities related to BMI inspections, and the
staff’s conclusions regarding the need for additional regulatory action in this area. A brief :
summary regarding the inspection results of the BMI penetrations and the associated aging
monitoring programs for the foreign reactors is included in this report.
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EXECUTIVE SUMMARY

The reactor pressure vessel! (RPV) lower head and botiom mounted instrumentation (BMi)
penetrations at South Texas Project, Unit 1 (STP-1) were visually inspected on April 12, 2003,
as a routine part of the unit’s refueling outage. The bare-metal visual (BMV) inspection found
small amounts of white residue around two of the 58 BMI penetrations at the junction where the
penetrations met the lower reactor vessel head. Based on a chemical analysis of the residue,
the licensee concluded that it was boric acid from the reactor coolant. The licensee performed
a destructive examination of one of the penetrations and determined that there was a through-
wall flaw due to primary water stress corrosion cracking (PWSCC). PWSCC has been identified
as the primary degradation mechanism affecting PWR high nickel alloy nozzles and welds (e.g.,
Alloy 600 tubing, piping, or forging material, and Alloy 82/182 weld material) in the reactor
coolant system. The staff concluded that cracking at STP-1 and the small amount of leakage
from the cracks did not represent an immediate safety problem due to the size and axial
orientation of the cracks. However, the STP-1 experience demonstrated that BMV inspection of
BMI penetrations is a useful inspection technique for detecting minor leakage and may assist in
detecting flaws before they become structurally significant.

As a result of the events at STP-1, on August 21, 2003, the NRC staff issued Bulletin 2003-02,
"Leakage from Reactor Pressure Vessel Lower Head Penetrations and Reactor Coolant
Pressure Boundary Integrity.” The purpose of issuing this bulletin was to advise licensees with
pressurized water reactors (PWR) units that current methods of inspecting the RPV lower heads
may need to be supplemented with BMV inspections to detect reactor coolant pressure
boundary (RCPB) leakage and to request licensees with PWR units to provide the NRC with
information related to inspections that had been or would be performed to verify the integrity of
the RPV lower head penetrations.

The staff requested this information to evaluate the integrity of the RPV lower head
penetrations. The staff received the inspection plans from all 58 PWR units affected by the
bulletin. A summary of these responses is listed in Section 5 of this report. The responses
included the licensees’ proposals to perform BMV inspections of the RPV lower head
penetrations in their upcoming outage, their commitment to future inspections beyond the
upcoming inspections of the RPV lower head and its penetrations, and their plans to clean the
RPV lower head to establish baseline criteria for future inspections.

The NRC staff has received the inspection results from all 58 PWR units. The BMV inspections

of the RPV lower head penetration were performed by 3 units during spring 2003 outage (prior

to the issuance of the Bulletin 2003-02), 23 units during the fall 2003 outage, 16 units during the

spring 2004 outage,14 units during the fall 2004 outage, and 2 units during the spring 2005

~ outage. So far, no evidence of leakage or cracking has been found in the BMI nozzles of the
RPV lower head.

The staff also issued Temporary Instruction (T1) 2515/152 - Reactor Pressure Vessel Lower
Head Penetration Nozzles (NRC Bulletin 2003-02). A summary of the inspections performed by
NRC regional inspectors under the Tl is provided in Section 6 of this report.

The industry, which is represented by Nuclear Energy Institute (NEI), Material Reliability Project
(MRP) and EPRI, is working on developing inspection and evaluation guidelines for the BMI
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penetrations. These guidelines are expected to address BMV inspections and may include
guidelines for volumetric inspections of the BMI penetrations to monitor their aging degradation.
The industry also proposed to develop new repair technology for BMI penetrations if it becomes
necessary. The lnspectlon and evaluation guidelines are not expected until 2007. A summary
of these activities is provided in Sectlon 7.

The ASME Code has developed and issued Code Case N-722, “Additional Examinations for
PWR Pressure Retaining Welds in Class 1 Components Fabricated with Alloy 600/82/182
Materials ASME Section XI, Division 1,” which recommends that BMV inspections be performed
every other refueling outage on all the BMI penetrations in the RPV lower head. A summary of
this code cass is also contained in Section 7.

Section 8 of this report provides a brief summary of visual and volumetric inspections of the BMI
penetrations that were performed by foreign licensees, the results of the inspections, and the

future mspectnons plans,

Section 9 of this report provides summary and the NRC staif's conclusions.
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1 INTRODUCTION

Pressurized water reactor (PWR) reactor pressure vessel (RPV) upper heads have a number of
penetrations, including upper head penetrations for the control rod drive mechanisms (CRDMs)
and the lower head penetrations for nuclear in-core instrumentation. These penetrations are
typically made of nickel-based Inconel Alloy 600. The penetrations are welded to the inside of
the RPV head with nickel-based Inconel Alloy 82/182 materials. Cracking in PWR CRDM
-nozzles fabricated from Alloy 600 base material was first identified in Europe in the early 1990s.
In addition, numerous smali-bore Alloy 600 nozzles in the reactor coolant system (RCS) and
pressurizer heater sleeves have experienced leaks; these leaks, and the cracking in CRDM
nozzles has generally been attributed to primary water stress corrosion cracking (PWSCC).
Most PWRs also have penetrations in the RPV lower heads for in-core nuclear instrumentation.
The same Inconel materials are typically used in the lower head penetrations and welds.

The lower head and bottom mounted instrumentation (BMI) penetrations of the South Texas
Project, Unit 1 (STP-1) RPV were visually inspected on April 12, 2003, as a routine part of the
unit's refueling outage. The lower head of the reactor is surrounded by an insulating box
structure with no insulation directly in contact with the lower head. A bare metal visual (BMV)
inspection was accomplished by removing three of the insulation panels forming the insulating
box. Three different vantage points were used to inspect all 58 BMI penetrations in the vessel
lower head. The inspection found small amounts of white residue around two of the 58 BMI
penetrations (numbers 1 and 46) at the junction where the penetrations met the lower reactor
vessel head. The residue at penetrations 1 and 46 was collected for laboratory analysis to
determine the source of the residue material. Approximately 150 milligrams and 3 milligrams
were collected from penetrations 1 and 46, respectively. The analysis of the sample for lithium
demonstrated that the lithium was approximately 99.9 percent lithium-7, which indicated that the
reactor coolant system was the source of the residue. The analysis of the sample for cesium
indicated that the average age of the residue collected was between 3 and 5 years. The
licensee for STP-1 indicated that these residues were not visible during the previous inspection
on November 20, 2002.

Ultrasonic inspections (using circumferential, axial, and zero degree probes) of 57 BMI
penetration tubes at STP-1 were completed in May 2003, along with the visual inspections of
the surfaces of the 58 J-groove welds which attach the BMI penetration tubes to the RPV lower
head. In addition, eddy current testing (ECT) was used to examine the J-groove weld

and inside diameter surfaces of some BMI penetration tubes. Axial cracks were found in
penetration tubes 1 and 46. The largest of these cracks was entirely through-wall and extended
above and below the J-groove weld. No evidence of cracking was found in any other
penetration. BMI penetrations 1 and 46 were repaired.

The licensee performed destructive examination of one of the penetrations and determined that
there was a through-wall flaw cracking due to PWSCC. The licensee’s failure analysis of the
two leaking penetrations determined that the root cause of the cracking was the use of Alloy
600 combined with nozzle manufacturing and installation methods that increased the
susceptibility of the metal to stress corrosion cracking when in contact with primary water.
PWSCC has been identified as the primary degradation mechanism affecting PWR high nickel
alloy nozzles and welds (e.g., Alloy 600 tubing, piping, or forging material, and Alloy 82/182
weld material) in the RCS. PWSCC is characterized &s an intergranular cracking mechanism.
This mechanism occurs under conditions where a complementary combination of high welding
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stresses, conducive environment (temperature and chemistry), and susceptible material resuit
in premature cracking and possibly failure of the part. Even though the RPV lower head
temperaturs is relatively low, the penetration leakage at STP-1 demonstrated that the Alloy 600
BMI nozzles are susceptible to PWSCC and will crack under the right conditions. The staff
concluded that cracking at STP-1 and the small amount of leakage from the cracks did not
represent an immediate safety problem due to the size and axial orientation of the cracks.
However, the STP-1 experience demonstrated that BMV inspection of BMI penetrations is a
useful inspection technique for detecting minor leakage and may assist in detecting flaws before
they become structurally significant.

The regulations in 10 CFR 50.55a state that American Society of Mechanical Engineers (ASME)
Code Class 1 components which include the reactor coolant pressure boundary (RCPB) must
meet the requirements of Section Xl of the ASME Code. For the RPV lower head, the ASME
Code, Section XI, specifies that a qualified visual examination, called a VT-2 examination, be
performed during system pressure testing. Licensees may meet the ASME Code requirement
for a VT-2 inspection by performing an inspection of the RPV lower head without removing
insulation from around the head and penetrations. It is the NRC staff's understanding that many
licensees perform the ASME Code-required inspections without removing insulation and,
therefore, may not be able to detect the amounts of through-wall leakage expected from
potential flaws due to PWSCC or other cracking mechanisms. The NRC staff concluded that
leakage, such as that observed at STP-1, would likely not have been detected during ASME
Code inspections performed at many other PWRs.

As a result of the events at STP-1, on August 21, 2003, the NRC staff issued Bulletin 2003-02,
"Leakage from Reactor Pressure Vessel Lower Head Penetrations and Reactor Coolant ,
Pressure Boundary Integrity.® The purpose of issuing this bulletin was to adviss licensees with
PWR units that current methods of inspecting the RPV lower heads may need to be
supplemented with BMV inspections to detect RCPB leakage and to request licensees with
PWR units to provide the NRC with information related to inspections that had been or would be
performed to verily the integrity of the RPV lower head penetrations.

The bulletin requested that the licensees provide a description of the RPV lower head
penetration BMV inspection program that will be implemented at their plants during the next and
subsequent refueling outages. This inspection program was to include the plans for future
inspections, the extent of the inspections, inspection methods, the process of identifying the
source of findings of any boric acid deposits, and the quality of the documentation of the
inspections. :

The staif requested this information to evaluate the integrity of the RPV lower head
penetrations. The staff received the inspection plans from all 58 PWR units affected by the
bulletin. A summary of these responses is listed in Section 5 of this report. The responses
included the licensees’ proposals to perform BMV inspections of the RPV lower head
penetrations in their upcoming outage, their commitment to future inspections beyond the
upcoming inspections of the RPV lower head and its penetrations, and their plans to clean the
RPV lower head to establish baseline criteria for future inspections.

The NRC staff has received the inspection results from all 58 PWR units. The BMV inspections

of the RPV lower head penetration were performed by 3 units during spring 2003 outage (prior
1o the issuance of the Bulletin 2003-02), 23 units during the fall 2003 outage, 18 units during the
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spring 2004 outage, 14 units during the fall 2004 outage, and 2 units during the spring 2005
outage. The staff received the inspection results from the licensees which included the type
and extent of inspections, identification and characterization of boric acid deposits, and
licensee’s action to clean boric acid deposits from the RPV lower head to establish a baseline
for future inspections. In response to an industry initiative, ultrasonic examinations have been
performed at 10 units. Except for STP-1, no evidence of leakage or cracking has been found in
the BMI nozzles of the RPV lower head.






2 DESCRIPTION OF VESSEL BOTTOM MOUNTED NOZZLES

The function of the bottom mounted nozzle (BMN) is to provide primary system pressure
boundary-qualified entrance into the reactor pressure vessel (RPV) for the in-core
instrumentation through the bottom head of the RPV. In-core instrumentation is used to monitor
performance of the reactor core during operation. There are variations in the BMN designs
throughout the fleet. The following provides genera! information about the materials and
fabrication methods of the BMNs and information regarding the BMNs at South Texas Project

(STP) units.

BMNs were made from Alloy 600 (trade name) SB-166, “Specification For Nickel-
Chromium-Iron Alloys [Unified Numbering System (UNS) N0O6600, NO6601, NO6603,
N06690, N06025 and N06045] and Nickel-Chromium-Cobalt-Molybdenum Alloy (UNS
N06617) Rod, Bar And Wire,” or SB-167, “Specification For Nickel-Chromium-iron Alloys
(UNS N06600, N06601, NO6690, NO6025, and N0O6045) Seamless Pipe and Tube.”

BMNSs were welded to the inside of the reactor vesse! bottom head using partia!
penetration J-groove welds. The J-groove welds were made using either gas tungsten
arc welding (GTAW) process with welding wire Alloy 82 (trade name) or shielded metal
arc welding (SMAW) process with welding electrode Alloy 182 (trade name). Some
J-groove welds were buttered, post weld heat treated (PWHT), then welded to
completion without subsequent PWHT. Some J-groove welds were fully welded without
butter and subsequently PWHT, depending on the particular unit and fabrication vendor.
Some BMNs have circular weld pads surrounding, but not connected to, the BMNs on
the outside of the reactor vessel bottom head. Such weld pads were made of either
alloy steel, austenitic stainless steel, or Alloys 82/182. A comparison of Westinghouse,
B&W, and CE BMN dimensions is shown in Table 2-1 of this section. A comparison of
Babcock and Wilcox (B&W) and Westinghouse BMN designs is shown in Figure 2-1 of
this section. :

At STP Units 1 and 2 the BMNs were made of Alloy 600 material which complied with
ASME SB-166 specification, and machined from 1.75" diameter bar stock. The outside
diameter of the BMNs was 1.5" and the inside diameter was 0.60". The RPV material
complied with ASME Specification SA-533, “Specification For Pressure Vessel Plates,
Alloy Steel, Quenched And Tempered, Manganese-Molybdenum And Manganese-
Molybdenum-Nickel,” Grade B Class 1, with a thickness of 5.38". The RPV was cladded
with 0.22" thick austenitic stainless steel weld metal. The annulus between the BMNs
and the RPV lower head below the J-groove weld was 0.001" to 0.004." The J-groove
welds were fabricated using shielded metal arc welding (SMAW) process with welding
electrode Alloy 182. After depositing ¥z of the J-groove weld, the BMNs were checked
for alignment and, if required, were cold straightened. The BMNs were then welded out,
ground to contour, checked for alignment, and if necessary, were cold straightened.
However, the weld documentation does not provide information as to which BMN was

cold straightened.

The failure analysis of the BMNs at STP Unit 1 is discussed in Section 3.0 of this document.



Manufacturer Tube Outside Diameter | Tube Thickness J-Groove
Weld Length
Parameter
‘Babock and Wilcox 1.03" (original) 0.21" (original) 1.10"
2.0" (modified) 0.69" (modified)
Combustion Engineering | 3.0" 1.125° 1.99"
Westinghouse 1.5" 0.45-0.587" | 0.58"-1.67"

Table 2-1 Comparison of Westinghouse, Babcock and Wilcox, and Combustion Engineering
Bottom Mounted Penetration Dimensions



Figure 2-1 Comparison of Westinghouse and Babcock and Wilcox Bottom Mounted
Nozzle Design

1

qin

Nik

N

N

N

NIk

3k (

,r//’ \

\ e, /
:f"/‘

Westinghouse Design Babcock and Wilcox Design






3 DISCUSSION OF CRACKING PHENOMENA
3.1 PRIMARY WATER STRESS CORROSION CRACKING

PWSCC has been identified as the primary degradation mechanism affecting PWR high nickel
alloy nozzles and welds (e.g., Alloy 600 tubing, piping, or forging material, and Alloy 82/182
weld material). PWSCC is characterized as an intergranular cracking mechanism. This
mechanism occurs under conditions where a complementary combination of high stresses
(either operating or residual, typically the latter), conducive environment (temperature and
chemistry), and susceptible material results in premature cracking and possibly failure of the
part. High residual stresses may occur in weld materials as a result of the weld fabrication
process if the welds are not stress-relieved. The shielded metal arc welding (SMAW) process
used to construct the J-groove welds is prone to leaving weld defects in service and creating
high residual stresses. Operating stresses resulting from reactor vessel internal pressure
and/or thermal loadings may also contribute to PWSCC. An important feature of PWSCC is the
crack morphology, which is characterized by very tight cracks (e.g., small crack opening
displacements or angles) along material grain boundaries. These features tend to result in the
potential for large through-wall flaws which may exhibit only a very small amount of leakage.

Cracking in primary side water of thicker sections was initially discovered domestically by leaks
in pressurizer instrument nozzles in 1986 and in pressurizer heater sleeves in 1987. Leakage in
a CRDM at a French plant was discovered in 1891. Since that time leakage or cracking has
been found in other PWR components such as pressurizer relief valve nozzle safe ends, hot leg
instrument nozzles, hot leg nozzle butt welds, and vessel lower head nozzles. Susceptibility to
cracking has been strongly correlated to temperature and chromium content. The experience of
cracking in the vessel lower head nozzles at South Texas Project, Unit 1 (STP-1) in April 2003
was not expected based on the lower temperature at this location compared to other locations
in the RCS.

3.2 OPERATING EXPERIENCE

The first occurrence of cracking in a PWR BMI penetration was discovered at STP-1 when
these RPV penetrations were visually inspected on April 12, 2003, as a routine part of the unit's
refueling outage. The licensee was performing visual examinations of the lower vessel head
during the system pressure test required by IWA-5000 of the ASME Code, Section XI. The
ASME Code does not require that insulation be removed for this test. However, at STP-1 the
lower head of the reactor is surrounded by an insulating box structure with no insulation directly
in contact with the lower head. The inspection of the 58 BMI penetrations at this plant was &
bare-metal visual inspection and was accomplished by removing three of the insulation panels
forming the insulating box around and under the vessel lower head.

The inspection found small amounts of white residue around two of the 58 BMI penetrations
(numbers 1 and 46) at the junction where the penetrations met the lower reactor vessel head.
The residue at penetrations 1 and 46 was collected for laboratory analysis to determine the
source of the residue material. Approximately 150 milligrams and 3 milligrams were collected
from penetrations 1 and 46, respectively. The analysis of the sample for lithium demonstrated
that the lithium was approximately 99.9 percent lithium-7, which indicated that the reactor
coolant system was the source of the residue. The analysis of the sample for cesium indicated
that the average age of the residue collected was between 3 and 5 years. The licensee for
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STP-1 indicated that these residues were not visible during the previous bare metal visual
inspection on November 20, 2002.

Ultrasonic inspections using circumferential, axial, and zero degree probes of 58 BMI
penetration tubes at STP-1 were completed in May 2003, along with the visual inspections of
the surfaces of the 58 J-groove welds which attach the BMI penetration tubes to the RPV lower
head. In addition, eddy current testing (ECT) was used to examine the J-groove weld and
inside diameter surfaces of some BMI penetration tubes. Axial cracks were found in penetration
tubes 1 and 46. The largest of these cracks was entirely through-wall and extended above and
below the J-groove weld.

A helium leak test was performed on the two leaking penetrations by pressurizing the annulus
between the nozzle and the vessel. No bubbles were observed in Penetration 46. In
Penetration 1 a small helium bubble was observed about every two seconds rising from a
location outside the nozzle in the J-groove weld fillet at the tube interface.

To facilitate metallurgical analysis of the actual cracks, boat samples were removed from
Penetrations 1 and 46 employing an Electric Discharge Machining (EDM) cutting technique. In
the case of the BMI nozzles inside the reactor pressure vessel, the boat sample excavations
could not be repaired. The desire for the largest possible boat sample was balanced against
conservative structural limitations. The boat sample from Penetration 46 was designed to
capture as much tube material as possible in an attempt to harvest a portion of a crack not
connected to the ID of the nozzle. The margins for error associated with positioning the EDM
equipment through 70 feet of water resulted in a shallow cut in Penetration 46. The resulting
undersized sample was either inadvertently discarded or completely consumed in the margins
of the EDM cutting tool. The boat sample from Penetration 1 captured material and defects
from the J-groove weld and J-groove/tube interface, as designed. A composite drawing
showing the axial crack, weld flaw and weld crack is shown in Figure 3-1.

The boat sample from Penetration 1 contained a portion of the large through-wall axial crack in
the tube, three “discontinuities” which were confirmed to be lack of fusion resulting from slag
inclusions, and one crack at the helium bubble location which connects the surface of the
J-groove weld to the largest area of lack of fusion. The crack in the weld that connects the
surface of the J-groove weld to the largest area of lack of fusion 