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Cracking in Alloy 600 penetration nozzles in the reactor pressure vessel upper
heads of pressurized water reactors (PWRs) has been an issue in the U.S.
nuclear industry for more than 10 years. Since the first identification of leaking
vessel head penetration (VHP) nozzles in US pressurized water reactors (PWR)
in 2000, the US Nuclear Regulatory Commission (NRC) has used several
generic communications to elicit those inspections necessary to provide a
reasonable assurance of adequate protection of the public health and safety.
This approach was modified recently with the issuance of orders to all PWR
plants to require the implementation of visual and non-visual examinations. This
paper reviews the recent regulatory history, describes the examination methods
and frequency of examinations mandated by the recently-issued orders, and
provides a prognosis for future inspection requirements.

Introduction

Alloy 600 is used to fabricate various parts in nuclear power plants, including reactor vessel top
head penetrations for control rod drive mechanism (CRDMs), control element drive
mechanisms (CEDMSs), in-core instruments (ICls) and thermocouples, reactor vessel bottom
head bottom mounted instruments (BMls), pressurizer heater sleeves, and various other
instrumentation ports. Related weld materials Alloy 82 and Alloy 182 are used to join these
Alloy 600 parts to the ferritic steel components and also as a bi-metallic weld joining ferritic
base materials to austenitic stainless steel base materials. Alloy 600 and its associated weld
filler metals were originally used because of expectations of resistance to service-induced
cracking. However, parts fabricated from these materials have demonstrated a susceptibility to
primary water stress corrosion cracking (PWSCC), also referred to as low potential stress
corrosion cracking (LPSCC). This paper focuses on the recent experience in the U.S. with
PWSCC of upper head penetrations, with descriptions of other findings (excluding steam
generator applications) to provide context.

A schematic cross-section of an upper head is provided in Fig. 1. This schematic is for a head
fabricated by Babcock and Wilcox. A schematic cross-section of a CRDM nozzle is provided in
Fig. 2., illustrating the J groove weld, the counterbored region just above the J-groove weld
(and the annulus between the RPV head and the CRDM nozzle), and the shrink fit region of the
head and the CRDM nozzle.

Formerly, Senior Materials Engineer, Materials and Chemical Engineering Branch, Office of
Nuclear Reactor Regulation.
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Early Findings of PWSCC in Alloy 600

In the United States, PWSCC of Alloy 600 became an issue following a leakage event of a
pressurizer heater sleeve nozzle at Calvert Cliffs Unit 2 in 1989. Other instances of leakage in
pressurizer instrument nozzles were identified in both domestic and foreign PWRs, as
described in Information Notice 90-10 (Ref. 1). As described in this Information Notice:

PWSCC of Inconel 600 is not a new phenomenon. However, very little special
attention has been given to the inspection for PWSCC in Inconel 600
applications other than that associated with the steam generator tubing. As a
result of the recently reported instances of PWSCC in the pressurizer heater
thermal sleeves and instrument nozzles in several domestic and foreign PWRs,
it may be prudent for licensees of all PWRs to review their Inconel 600
applications in the primary coolant pressure boundary, and when necessary, to
implement an augmented inspection program.

As described in Reference 2, the first indication of cracking in upper head Alloy 600
penetrations was identified in France at Bugey Unit 3 in 1991 during the ten-year primary
system hydrostatic test. The leak rate was low, < 1 liter/hr (0.004 gpm), for the through-wall
crack identified in an outer row CRDM nozzle. Further examinations indicated that the leakage
was from an axial flaw that had initiated on the nozzle inside surface near the elevation of the
J-groove weld. This flaw was also found to have a small extension in the nozzle base material
that was inclined ~ 30° from the nozzle axis, and a small extension into the J-groove weld. In
addition, several other partial depth axial cracks were identified at a similar elevation in this
nozzle. Failure analysis confirmed that the cracking was due to PWSCC, and identified the
following contributing factors:

. Stress concentration at a counterbore on the nozzle inside surface at the J-groove weld
elevation.

. High hardness of the cold-worked machined surface.

. High residual stresses in the nozzle resulting from the welding.

SA-182 F304
CRDM \

SB-167 UNS N0B600
(Alloy 600)

ERNiCr-3
(Alloy 82)

Insulation Outer Surface of RPV Head

“_‘T_nennocauple
Counterbored RPV Head
N I Vessel Head Sk it SA-533 Gr. B CI. 1)
e RN V4 P
' AN 1 Inner Surface of RPV Head
1 Counterbored R (Stainless Steel Cladding)
‘ ‘ L J-Groove Weld
| 1 (Rioy 153
Figure 1 Schematic cross-section of an upper Figure 2 Schematic cross-section of a
RPV head for a B&W plant. CRDM nozzle in an upper RPV head.
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The first U.S. inspection of vessel head penetration (VHP) nozzles took place in the spring of
1994 at the Point Beach Nuclear Generating Station, and no indications were detected in any of
its 49 CRDM penetrations (Ref. 3). The eddy current inspection at the Oconee Nuclear Station
(ONS) in the fall of 1994 revealed 20 indications in one penetration. Ultrasonic testing (UT) did
not reveal the depth of these indications because they were shallow. UT cannot accurately size
defects that are less than one mil deep (0.03 mm). These indications may be associated with
the original fabrication. A limited examination of eight in-core instrumentation penetrations
conducted at the Palisades plant found no cracking. An examination of the CRDM penetrations
at the D. C. Cook plant in the fall of 1994 revealed three clustered indications in one
penetration. The indications were 46 mm (1.81 in.), 16 mm (0.63 in.), and 6 to 8 mm (0.24 to
0.31in.) in length, and the deepest flaw was 6.8 mm (0.27 in.) deep. The tip of the 46-mm
(1.81in.) flaw was just below the J-groove weld. Virginia Electric and Power Company
inspected North Anna Unit 1 during its spring 1996 refueling outage. Some high-stress areas
(e.g., upper and lower hillsides) were examined on each outer ring CRDM penetrations and no
indications were observed using eddy current testing.

Generic Letter 97-01

On April 1, 1997, the NRC issued Generic Letter 97-01 (Ref. 3) to request PWR licensees
submit descriptions of their programs for inspecting CRDM and other VHP nozzle penetrations.
As described in a generic response to NRC requests for additional information (Ref. 4), the
industry used a histogram grouping of plants, in combination with completed inspections and
planned inspections as its approach for managing this issue. The plant grouping used
probabilistic crack initiation and growth models to estimate the amount of time remaining (in
effective full power years, EFPY's) until the plant reached a limiting condition for a reference
plant. This limiting condition was the time for the plant to reach the same probability of having a
crack 75% through-wall as D.C. Cook Unit 2 had at the time a 6.5 mm deep crack was
identified in 1994. These models included differences in operating time and temperature, water
chemistry environment, surface stress, component geometry, material yield strength and
microstructure, and fabrication practices (amount of cold work during machining) between the
subject plant and the reference plant in determining a plant’s susceptibility. The industry cited
inspection results from six plants (D.C. Cook Unit 2, North Anna Unit 1, ONS-2, Millstone Unit 2,
Point Beach Unit 1, and Palisades) and inspection plans at five plants (Farley Unit 2, Crystal
River Unit 3, Diablo Canyon Unit 2, Ginna, and San Onofre Unit 3) as key information that
would inform the need for any additional actions to manage the issue.

These inspections continued into the fall of 2000, with no significantly adverse results. As
described in Reference 2, the most significant crack identified in these inspections was a 6.8
mm (0.27 in.) deep crack found at D.C. Cook Unit 2. This flaw was repaired by a process that
involved partial removal (by grinding) and and overlay weld to isolate the remnant of the original
flaw from the environment. Three of the plants identified shallow “craze cracks,” generally
found as cluster of shallow, less than 0.2 mm deep (0.008 in.) and axially oriented. At Millstone
Unit 2, one nozzle with seven such indications in a single nozzle were removed by flapper
wheel grinding to a depth of 0.8 mm (0.032 in.).

Worldwide, inspection activities were finding PWSCC in VHP nozzles, and in some cases RPV

heads were being replaced. Common characteristics of these findings were the flaws
originating in the nozzle base material and located on the inside surface of the nozzles.
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In the fall of 2000, the inspection findings in the U. S. became more significant. At Oconee
Unit 1 that fall, boron deposits were identified on the RPV head at one CRDM nozzle and at five
(of the eight) thermocouple nozzles (one of only two plants with small diameter thermocouple
nozzles). Contrary to expectations, the boron deposits were very small (less than 1 in.? total
volume), as illustrated in Fig. 3. Analysis of the CRDM nozzle identified an axial-radial PWSCC
crack that initiated in the J-groove weld and propagated part way into the outer diameter
surface of the nozzle. The crack in the J-groove weld was arrested when it encountered the
RPV head base material, consistent with expectations.

In February 2001, Oconee Unit 3 identified nine nozzles with leaks (again small boron
deposits). Additional inspections, including ultrasonic, eddy current and liquid penetrant
examinations, identified numerous part- and through-wall axial cracks, generally initiated on the
outer diameter surface of the nozzles below the J-groove weld. During the repair of these
nozzles, two of the nozzles were found to have single through-wall circumferential cracks
extending 165° around the nozzle, although the cracks were not through-wall for their entire
circumferential extent. These cracks were identified as having initiated on the nozzle outer
diameter surface. The findings at Oconee Unit 3 were the subject of NRC Information Notice
2001-05, issued on April 30, 2001 (Ref. 5).

In March 2001, Arkansas Nuclear One Unit 1 (ANO-1) identified boron deposits on a single
CRDM nozzle. Examination of this nozzle identified an axial part-through wall crack that
initiated on the nozzle outer diameter surface below the J-groove weld and propagated to a
distance 33 mm (1.3 in.) above the J-groove weld.

In April 2001, Oconee Unit 2 identified boron deposits on four CRDM nozzles. Eddy current
examinations of these nozzles identified clusters of shallow axial indications on the nozzle
inside surfaces, ranging in depth from 0.35 to 0.8 mm (0.014 to 0.032 in.) and in length from 23
to 79 mm (0.9 to 3.1 in.). Ultrasonic examination of these nozzles identified numerous axial
flaws on the nozzle outer diameter surfaces, including one circumferential crack above the J-
groove weld. The latter was reported as 32 mm (1.25 in.) long and 1.8 mm (0.07 in.) deep.
Leakage from these nozzles was identified as originating from cracks on the outer diameter
surface of the nozzle that propagated along the weld to nozzle interface from below the J-
groove weld to above the weld.

Figure 3 Leakage at Oconee Unit 1
identified fall 2000.
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Bulletin 2001-01

With these findings, the NRC took action by issuing Bulletin 2001-01 in August 2001 (Ref. 6).
The focus of this Bulletin was the safety issue of circumferential cracking in VHP nozzles, with a
goal of providing assurance that no such cracking existed in plants. Because of the time frame
involved in the development of a circumferential crack that could be subject to nozzle ejection,
visual inspections of the RPV head outer surface, where the nozzle intersected the RPV head,
was considered at that point to be an adequate inspection. As described in this Bulletin,

Cracking due to PWSCC in PWR CRDM nozzles and other VHP nozzles
fabricated from Alloy 600 is not a new issue; axial cracking in the CRDM nozzles
has been identified since the late 1980s. In addition, numerous small-bore Alloy
600 nozzles and pressurizer heater sleeves have experienced leaks attributable
to PWSCC. Generally, these components are exposed to high temperatures
(greater than 550°F) and a primary water environment. However, circumferential
cracking from the nozzle OD to the ID, above the weld, and cracking of the
J-groove weld have not been previously identified in PWRs.

As described in Bulletin 2001-01, the generic responses of licensees to Generic Letter 97-01
were predicated on the development of susceptibility ranking models to relate the operating
conditions (in particular the operating temperature and time) for each plant to the plant's relative
susceptibility to PWSCC. The generic responses committed to surface examinations of the
VHP nozzles at the plants identified as having the highest relative susceptibility ranking.
Consistent with the expectations expressed by the NRC staff in Generic Letter 97-01, the
surface examinations conducted prior to November 2000 identified only limited axial cracking,
and circumferential cracking below the weld in the base metal of CRDM nozzles, but no
circumferential cracking above the nozzle welds and no cracking in the Alloy 182 welds.

However, as described in Bulletin 2001-01, the identified CRDM nozzle degradation
phenomena from the spring 2001 outage season raised several issues regarding the resolution
approach taken in Generic Letter 97-01:

(1) Cracking of Alloy 182 weld metal has been identified in CRDM nozzle J-groove welds for
the first time. This finding raises an issue regarding the adequacy of cracking
susceptibility models based only on the base metal conditions.

(2) The identification of cracking at ANO-1 raises an issue regarding the adequacy of the
industry's Generic Letter 97-01 susceptibility model. ANO-1 cracking was predicted to
be more than 15 effective full power years (EFPY) beyond January 1, 1997, from
reaching the same conditions as the limiting plant, based on the susceptibility models
used by the industry to address base metal cracking in response to Generic Letter
97-01.

(3) Circumferential cracking of CRDM nozzles, located outside of any structural retaining
welds, has been identified for the first time. This finding raises concerns about the
potential for rapidly propagating failure of CRDM nozzles and control rod ejection,
causing a loss of coolant accident (LOCA).
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(4) Circumferential cracking from the CRDM nozzle outer diameter to the inner diameter
has been identified for the first time. This finding raises concerns about increased
consequences of secondary effects of leakage from relatively benign axial cracks.

(5) Circumferential cracking of CRDM nozzles was identified by the presence of relatively
small amounts of boric acid deposits. This finding increases the need for more effective
inspection methods to detect the presence of degradation in CRDM nozzles before the
nozzle integrity is compromised.

This Bulletin was an information request for licensees to identify their VHP nozzle inspection
plans. Based on industry input (Ref. 2), the Bulletin grouped the plants based upon a time-at-
temperature model that quantified the time for each plant to achieve the same calculated time-
at-temperature as ONS-3 when that plant identified circumferential cracks. The Bulletin then
described inspections, including inspection method and inspection timing, that would be
effective in identifying nozzle cracking in plants in each grouping, based upon the level of
expectation for cracking in the group. This Bulletin introduced two new terms to describe visual
examinations, a “qualified visual examination” (for plants with a high susceptibility to PWSCC)
and an “effective visual examination” (for plants with a moderate susceptibility to PWSCC). The
effective visual examination was described in Reference 6 as an examination

of 100% of the VHP nozzles that is capable of detecting and discriminating small
amounts of boric acid deposits from VHP nozzle leaks, such as were identified at
ONS-2 and ONS-3, may be sufficient to provide reasonable confidence that
PWSCC degradation would be identified prior to posing an undue risk. The
effective visual examination should not be compromised by the presence of
insulation, existing deposits on the RPV head, or other factors that could
interfere with the detection of leakage.”

The qualified visual examination was described in Reference 6 as an examination that is

able to reliably detect and accurately characterize leakage from cracking in VHP
nozzles considering two characteristics. One characteristic is a plant-specific
demonstration that any VHP nozzle exhibiting through-wall cracking will provide
sufficient leakage to the RPV head surface (based on the as-built configuration
of the VHPs). Secondly, similar to the effective visual examination for moderate
susceptibility plants, the effectiveness of the qualified visual examination should
not be compromised by the presence of insulation, existing deposits on the RPV
head, or other factors that could interfere with the detection of leakage.

One implication from the Bulletin was the identification of a group of thirteen plants that either
had experienced VHP nozzle cracking or leakage (at the time this included the three Oconee
units, ANO-1, and DC Cook Unit 2), and additional plants that were calculated to be within five
years of operating time from the ONS-3 calculated time-at-temperature. For this group of
plants, the Bulletin suggested that inspections should be performed by December 31, 2001.
These thirteen plants included seven Babcock and Wilcox plants (including the three Oconee
units, ANO-1, Crystal River 3, Three Mile Island Unit 1, and Davis-Besse) that tended to
operate at higher temperatures than the other PWR plants.
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Of the thirteen plants that were of particular interest to the Bulletin, five had received recent
inspections that were considered to be consistent with the expectations of the Bulletin. Four of
the remaining eight had refueling outages scheduled prior to December 31, 2001. Two of the
remaining four were the second unit at dual unit sites where the first unit was scheduled to be
inspected, and the licensee in this case decided to perform an inspection at all units consistent
with the schedule outlined in the Bulletin. The two remaining units are Davis-Besse, which is
described below, and D.C. Cook Unit 2. Cook 2 was scheduled for refueling in fall 2001, but
operational issues in the summer of 2001 pushed their planned outage back until mid-January
2002. After numerous interactions with the licensee and additional justification by the licensee,
the NRC staff concluded that the licensee’s schedule was acceptable.

Of the plants that did inspections in fall 2001, Crystal River Unit 3 identified a nozzle with boron
deposits, and ultrasonic examination revealed a through-wall circumferential crack that
extended ~ 90° around the nozzle (Fig. 4). This nozzle was repaired.

ONS-3 identified another five nozzles with leaks, seven that required repair, including one
nozzle with a circumferential crack.

Three Mile Island Unit 1 identified five CRDM nozzles with leaks and all eight thermocouple
nozzles with leaks. Additional ultrasonic and penetrant tests identified an additional three
nozzles with cracks. All of the thermocouple nozzles were repaired (plugged) and six of the
eight cracked CRDM nozzles were repaired.

North Anna Unit 1 identified nine nozzles with shallow cracks that were found by the licensee to
be acceptable for continued operation. North Anna Unit 2 identified three leaking nozzles that
were repaired.

Surry Unit 1 identified four nozzles with leaks and repaired a total of six nozzles. Surry Unit 2
identified no leaking nozzles from a bare metal visual examination.

The inspection at D.C. Cook Unit 2 identified no unacceptable indications.

| B I R
Figure 4 Boric acid deposits identified at
Crystal River Unit 3 during its fall 2001
outage.
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Davis-Besse

The Davis-Besse refueling outage began on February 16, 2002. The licensee planned to
perform a visual inspection of the outer surface of the RPV head looking for signs of boron
deposits, and ultrasonic inspection of all CRDM nozzles. The inspection identified five nozzles
with indications, including three with through-wall cracks, and the licensee decided to repair all
five nozzles. During machining to facilitate repair of nozzle #3, the equipment rotated and was
removed from the head. Upon removal, the licensee found that the nozzle had tipped, with the
CRDM flange (located above the head) contacting the flange of an adjacent CRDM. The
licensee cleaned the surface of the RPV head and found a large cavity adjacent to nozzle #3
(Fig. 5), where the RPV head base material had been corroded down to the stainless steel
cladding. Subsequent investigation revealed an additional much smaller degraded area near
nozzle #2, located within the wall thickness (no cladding was exposed).

The licensee completed a root cause analysis (Ref. 7). One of the new pieces of information in
that report was a photograph of the head from the 2000 refueling outage (Fig. 6). A similar
photograph, albeit without the reddish tinting from corrosion product, has subsequently been
identified from the 1998 outage.

After the initial finding of the cavity at Davis-Besse, the NRC issued Information Notice 2002-11
(Ref. 8), “Recent Experience with Degradation of Reactor Pressure Vessel Head,” on March 12,
2002. After some of the evidence began to be accumulated regarding secondary indications of
a serious ferritic corrosion event, the NRC issued Information Notice 2002-13 (Ref. 9),
“Possible Indicators of Ongoing Reactor Pressure Vessel Head Degradation,” on April 4, 2002.

Bulletin 2002-01

In response to the findings at Davis-Besse, the NRC issued Bulletin 2002-01 (Ref. 10) on
March 18, 2002. The focus of this Bulletin was to assess licensee inspections and other
information that could provide a basis for conclusions on the condition of the RPV head. The
Bulletin also addressed boric acid corrosion of other parts of the reactor coolant system.
Following issuance of this Bulletin, inspection findings in spring 2002 were relatively quiet. The
exception was an inspection at Millstone Unit 2, which identified three nozzles (no leaks)
requiring repair, with axial outer diameter surface cracks that extended from below the J-groove
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Figure 6 Boric acid and corrosion products
Figure 5 Cavity identified at Davis-Besse identified on the RPV head flange of Davis-

during its spring 2002 outage. Besse during its 2000 outage.
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into the weld zone. This finding is significant because this plant had the lowest susceptibility of
any plant that had identified cracking.

Bulletin 2002-02

Since the initial findings of circumferential cracking at ONS-3, the nuclear industry has been
working to develop inspection recommendations (and justification for the recommendations)
that would provide effective management of the issue. This effort was continually challenged
by new findings, e.g., Davis-Besse upper head wastage, and the industry did not have a
proposal available for consideration by the summer of 2002. To address cracking and wastage
on the upper RPV head, the NRC issued Bulletin 2002-02 in August 2002 (Ref. 11). This
Bulletin provided a description of a comprehensive inspection program that identified a
combination of visual and non-visual examinations on a graded approach consistent with a
variety of plant susceptibilities to PWSCC. This Bulletin used a parameter referred to as
effective degradation years (EDY) to characterize plant susceptibility to PWSCC. Calculation of
this parameter requires information on the RPV head operating temperature(s) and the
operating time (i.e., effective full power years, EFPY) at each operating temperature. These
data are used to integrate the effects of operating temperature, normalized to 316°C (600°F).
The standard Arrhenius activation energy dependence on temperature is applied to each time
period with a distinct head temperature:

n ) 1 1
EDY =Y, AEFPYJeXp{—Q(—__ﬂ

=1 R head,j Tref
where:
EDY = effective degradation years
n = the number of distinct operating temperatures used at the plant
Qi = activation energy for crack initiation (50 kcal/mole)
R = universal gas constant (1.103x10-3 kcal/mol-°R)
Thead,j = RPV head operating temperature at 100% power during time period j (°R = °F +
459.67)
AEFPYj = the effective full power years of operation at temperature Thead,j
Tref = reference temperature (600°F = 1059.67°R)

Notable inspection findings were prevalent during the fall 2002 outages. North Anna Unit 2
identified two leaking nozzles. One of these leaks was from a nozzle that had received a weld
over-lay repair at the previous outage. Failure of the repair was attributed to the weld over-lay
repair not completely covering the original Alloy 182 weld butter, with cracking then occurring in
the original weld at the periphery of the repair weld. Surface examinations of the J-groove
welds identified more than half of the welds with cracks. Ultrasonic testing of the nozzle base
material identified twenty nozzles with axial indications. Several nozzles were identified with
circumferential cracks on the nozzle outer diameter surface within the zone of the J-groove
weld, just below the root of the weld. With the myriad of repairs necessary due to these
findings, this plant became the first U.S. plant to install a new RPV head using Alloy 690 nozzle
base material and Alloy 52 and 152 welds.
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At ANO-1, a leak was identified from the nozzle that had been repaired in the spring of 2001.
The failure of the repair was attributed to the weld over-lay repair not completely covering the
original J-groove weld, similar to the North Anna Unit 2 finding.

At Sequoyah Unit 2, minor head corrosion was identified from a boron leak located above the
RPV head. In particular, the licensee identified a leak from a valve in the reactor vessel level
instrument system (RVLIS). Leaking coolant impacted the RPV head insulation below the
valve, fell through a seam in the insulation and onto the RPV head. After the RPV head was
cleaned up, a corrosion area was identified with dimensions 127 mm (5 in.) long and 8 mm
(5/16 in.) wide, with a maximum depth of 3 mm (1/8 in.).

Order EA-03-009

The NRC issued Order EA-03-009 (Ref. 12) to all PWR licensees on February 11, 2003. This
Order amends the licenses to provide specific inspection requirements for all PWR plants. This
Order requires that plants evaluate their susceptibility to PWSCC using a formula for effective
degradation years, EDY. The Order then provides specific inspection requirements based upon
the EDY level of the plant. The Order provides requirements for plants with EDY greater than
12 or that have experienced PWSCC. These plants are required to perform a bare metal visual
examination and a non-visual examination every refueling outage. Moderate susceptibility
plants (those with EDY from 8 to 12) are required to perform either bare metal visual or non-
visual examination every outage, alternating the two methods each RFO. Low susceptibility
plants (with EDY less than 8) are required to perform a bare metal visual examination by their
second refueling outage after issuance of the Order and every third refueling outage or five
years thereafter. In addition, low susceptibility plants are required to perform non-visual
examination by February 11, 2008, and then repeat every fourth refueling outage or seven
years thereafter.

The non-visual examinations described in the Order are ultrasonic examination or surface
examination. The ultrasonic examination covers from the bottom of the nozzle to 2 inches
above the J-groove weld, and includes an assessment to determine if leakage has occurred in
the interference fit zone of the nozzles. The scope of the surface examination includes the
surface of the J-groove weld, the outer diameter surface of the VHP nozzle base metal, and the
inside surface of the VHP nozzle to a point 2 inches above the J-groove weld.

The Order provides explicit inspection requirements for repaired nozzles and welds, and makes
no distinction for heads fabricated from Alloy 600 or Alloy 690.

In addition to the susceptibility based inspections of the RPV head surface and VHP nozzles,
the Order requires that all licensees perform visual inspections to identify boric acid leaks from
components above the RPV head, with follow-up actions including inspection of potentially-
affected RPV head areas and VHP nozzles should any leaks be identified.

The Order also provided means for licensees to request relaxation from its requirements upon
demonstration of good cause. As of mid-December 2003, nineteen plants had made specific
requests for relaxation. These requests relate to limitations in inspection of the top of the
nozzles (above the J-groove welds), the lower end of the nozzles, the bare metal visual
examination of the RPV head surface, and the need to inspect all nozzles or parts of the nozzle
using a single inspection method.

262



Relaxation requests for the lower end of the nozzles have been due to the presence of guide
funnel threads and tapers on the end of the nozzles. In additional, one licensee highlighted an
impediment to a complete volumetric examination for cases in which a transducer with a pair of
sensors is used for detection of circumferential cracking. The latter issue results in a lack of
coupling at the end of the nozzle that prevents a triangular area with long leg on the nozzle
outer diameter surface from being effectively interrogated.

The relaxations related to the bare metal visual examination concern service structure
impediments that prevent a 100% examination of the RPV head outer surface. These
impediments prevent inspection of less than 5% of the head surface and do not substantially
preclude inspection of areas located at head elevations above the outer row of VHP nozzles.

The relaxations related to the nozzle inside surface above the J-groove weld are due to
geometric conditions that prevent effective examination of these areas. In one case, the CRDM
nozzles had centering tabs and a step on the nozzle inside surface just above the J-groove
weld.

Because of the specific wording used in the Order, licensees are required to inspect all VHP
nozzles using the same approach, either ultrasonic examination or surface examination. This
has proven problematic for certain cases, such as the head vent line that does not have an
interference fit (thus preventing the ultrasonic leakage assessment required in conjunction with
the ultrasonic examination) and certain situations where approval was sought for a limited
scope surface examination to supplement the ultrasonic examination.

For the short term, the NRC staff has revised Order EA-03-009 (Ref. 13) to implement changes
that would eliminate the need for many of the relaxation requests that have demonstrated no
safety benefit to certain requirements of the Order. This revision to the Order permits the use
of multiple inspection types for each nozzle and provides other inspection scope reductions that
have no safety implications. In support of this activity, the industry submitted a report (Ref. 14)
that provided a generic evaluation of industry-proposed revisions to the scope of the
inspections required in Order EA-03-009.

Bottom-Mounted Instrument Cracking

With the focus of attention on PWSCC of Alloy 600 on the upper RPV head and possible boric
acid corrosion of ferritic components throughout the reactor coolant system, visual
examinations of other applications of Alloy 600 have increased in their thoroughness and
effectiveness. One area that was not anticipated to provide short-term PWSCC concerns was
the RPV lower head BMls, due to the cold-leg operating temperature of the RPV lower head.
However, in the spring of 2003, the licensee for the South Texas Project Unit 1 (STP-1)
identified apparent boron deposits on the lower RPV head near two BMIs (Ref. 15).
Characterization of all of the BMI nozzles at STP-1 identified PWSCC in these two nozzles, and
no PWSCC in any other nozzle (Ref. 16). The operating temperature of the STP-1 lower head
was ~ 294°C (561°F), and the calculated EDY was less than 3. Besides issuance of these
Information Notices, the NRC issued Bulletin 2003-02 (Ref. 17) to obtain information on
licensee inspection activities and inspection plans for the RPV lower head. Thus far other
plants have identified white residue on the lower head, frequently boron traced to refueling seal
leakage or other sources above the RPV lower head, but no other plant has identified PWSCC
in the BMIs.
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Outlook

The long-term goal in this area is for the NRC to adopt at 10 CFR 50.55a permanent
requirements for inspections to ensure the integrity of the RPV head and VHP nozzles. Itis
preferred that the American Society for Mechanical Engineers (ASME Code) adopt acceptable
requirements in Section XI of the Code that the NRC could endorse; absent acceptable ASME
Code requirements the NRC would seek to enumerate acceptable requirements at 10 CFR
50.55a.

The longer term solution for many plants has been to seek replacement of the RPV head using
Alloy 690 nozzles and Alloy 52 and 152 for weld filler metals. At the present time thirty-one
plants have expressed an intent to replace their RPV head; eleven had completed vessel head
replacement by early 2004.

Regarding the future for other applications of Alloy 600 in PWRs, it is reasonable to expect that
all parts, components and joints fabricated from Alloy 600 and weld filler metals Alloys 82 and
182 will continue to crack during operation. The critical aspect of preventing this cracking from
leading to challenges to plant safety systems will be the implementation of management
programs, including effective inspection activities, to identify and remediate the cracking.
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ABSTRACT

Stress corrosion crack growth rate (SCCGR) tests were conducted on Alloy
182 and Alloy 82 weld metals. Tests were conducted using compact tension
specimens, which were either actively-loaded, bolt-loaded, or loaded via a
novel compliant self-loaded compact tension (CSLCT) specimen technique in
which the load is applied using a pre-compressed Alloy X-750 ring. This ‘ring-
loading’ method combines some of the advantages of active-load and bolt-
load methods. Specifically, the CSLCT specimens maintain a nearly constant
load during testing (due to the compliant design of the ring), and yet are
compact enough that a large number of specimens can be tested in a single
autoclave.

SCCGRs are reported as the average SCC growth rate (SCCGRave), rather
than the maximum SCC growth rate (SCCGRyax). There is a concern, as
discussed in this paper, that the apparent maximum SCCGR in a laboratory
test is not constant, but rather changes with test duration. To circumvent the
concern regarding SCCGRyax while still capturing the information obtained in
the test related to the maximum SCC extension, a quantity referred to as the
RATIO is reported for each data point. This quantity refers to the ratio of the
maximum SCC extension (Aawax) to the average SCC extension (Aaave) — i.e.,
RATIO = Aampax/Aaave. Reporting the SCCGRave and the RATIO provides a
quantitative measure of both the average SCC extension and the maximum
SCC extension in a test.

The SCCGRayve data reported in this study are consistent with SCCGRaye data
reported by other investigators, for both Alloys 182 and 82. The SCCGRs
reported herein are more rapid for Alloy 182 than for Alloy 82. This result may
be related to the lower chromium content of Alloy 182 (~ 15 wt% Cr compared
to ~ 20 wt% Cr for Alloy 82), the different welding processes employed, and/or
the higher carbon levels for the Alloy 82 heats. Regressions were performed
using several empirical model forms, to estimate SCC parameters such as the
temperature and stress intensity factor dependencies.

Although much of the data scatter in the SCCGR response is suspected to be
caused by the inherent variability of weld materials, another contributor to the
variability is believed to be aqueous hydrogen (H,) concentration. Aqueous
hydrogen concentration was found to influence the SCCGR of Alloy 82.
Consistent with the behavior previously reported for Alloy 600 and Alloy X-
750, the stress corrosion crack growth rates increase as the measured
nickel/nickel oxide phase transition is approached. This factor has not been
incorporated into the empirical models discussed above.
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BACKGROUND

Primary water stress corrosion cracking (PWSCC) of Alloy 182 and 82 weld metal is a concern,
as described in References [1] to [4]. According to Reference [1], an Alloy 600 vessel head
penetration crack in the Bugey 3 plant was found to propagate into the Alloy 182 weld material.
More recently, from 1994 to 1998, several stress corrosion cracks have been detected in Alloy
182 welds in American plants such as St. Lucie, San Onofre and Calvert Cliffs [1]. According to
Reference [2], leakage was detected in an outlet nozzle-to-pipe weld of the V.C. Summer plant
in October 2000. Stress corrosion cracking had occurred in both the Alloy 182 buttering and the
Alloy 82 weld metal, as shown in Figure 1 [3]. Non-destructive test (NDT) indications in a
similar location (outlet nozzle-to-safe end weld) had been observed in June 2000 at Ringhals
Unit 3 in Sweden. NDT indications were subsequently found in the same region of Ringhals
Unit 4, in the fall of 2000. The cracking in Ringhals 3 and 4 [4] was less severe than the V.C.
Summer cracking. The Ringhals welds were fabricated from Alloy 182 weld metal.

EPRI Materials Reliability Program: Given the concerns for primary water stress corrosion
cracking of Alloy 600 and its weld metals, the Electric Power Research Institute (EPRI) is
sponsoring a Materials Reliability Program (MRP). The MRP group members have developed a
recommended stress corrosion crack growth rate curve for PWSCC of thick-wall components
fabricated from Alloy 600 material [5]. A similar effort is underway for weld materials. The
present work is intended to be a contribution to this effort.

EXPERIMENTAL
Materials

Two heats of Alloy 182 weld metal and three heats of Alloy 82 weld metal were tested. Table 1
shows material compositions for each heat. Two elements that are of specific interest for
PWSCC resistance are chromium and carbon. The Alloy 182 heats contain 15 wt% Cr, whereas
the Alloy 82 heats contain 17 to 21 wt% Cr. The Alloy 182 heats contain 0.02 to 0.03 wt%
carbon, whereas the Alloy 82 heats contain 0.045 to 0.047 wt% carbon. Room temperature
yield strength values are given in Table 2.

Alloy 182 and 82 weld metals were deposited using the shielded metal arc welding process and
the automatic gas tungsten arc welding process, respectively. Specimen fabrication procedures
are illustrated in Figure 2.

Specimens

SCCGR data were obtained using compact tension (CT) test specimens, most of which were
side-grooved. Specimens were fatigue precracked in air. Specimens were loaded by one of
three methods: (a) actively loaded using a test machine, (b) bolt-loaded, or (c) ring-loaded via
the CSLCT specimen method. The latter method is described below. All specimens were
tested such that cracking proceeded from the root of the weld to the crown of the weld. This
specimen orientation is typical of the crack propagation direction that can occur in plant
applications such as pipe welds. Orientation is important since the long axis of the dendrites
tends to align roughly parallel to the root-to-crown dimension [1]. It has been shown by prior
investigators that SCC growth generally occurs more rapidly in the direction parallel to the long
axis of the dendrites [6, 7]. The crack propagation directions can be summarized by adopting
ASTM terminology, in which the direction of welding is designated as the L direction, as shown
in Figure 2. Using this notation, the present specimens had the load applied parallel to the T
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direction, and crack growth occurred in the S direction — according to the ASTM notation, such
specimens are designated as having a T-S orientation.

Environment

Testing was conducted in recirculating autoclaves, in deaerated water with a high temperature
pH of ~7. The desired H, concentrations were obtained by varying the feed tank H,
overpressure according to Henry’s law. The room temperature H, calculations were conducted
using a Henry’s law coefficient of 0.85 psia/(scc/kg).

Post-test Evaluation

Most specimens were heat-tinted in air at 454°C for 16 to 20 hours, to provide a clear
demarcation of the SCC crack. Specimens were pulled apart by post-test fatigue loading. An
optical microscope was used to measure the crack depths using a measurement technique
similar to that of ASTM E813. In general, the present work employed 17 measurement
locations rather than the 9 measurement locations in ASTM E813. The measurements are
averaged to determine an average SCC extension, Aa,.. Also, the maximum SCC extension at
any point along the crack, Aanmay, is also identified and recorded.

Data Screening Criteria

All SCCGR specimens were subjected to screening criteria similar to that employed in EPRI
MRP-55 [5]. All tests conducted were single condition tests, with careful autoclave water
chemistry control (including H, control). The data are based on post-test destructive
examination. An example of a post-test specimen is shown in Figure 3, in which the air fatigue
precrack and SCC regions can be readily distinguished. Data are reported herein only for
specimens which met the ASTM E647 size criteria (using the flow strength at test temperature
in the validity equation, as employed by the MRP group). A minimum crack extension of 0.2
mm was used in screening the data, and a minimum ‘engagement’ of 50% was utilized. The
term engagement quantifies the percentage of the air fatigue precrack length that has incubated
SCC.

RESULTS
CSLCT Specimen Hardware, Loading, and Qualification

The compliant self-loaded CT specimen method combines some of the advantages of active-
loaded and bolt-loaded test methods. Similar to active load testing, the specimens can be
instrumented and yet maintain a nearly constant load due to the compliant design of the ring.
Due to the relatively compact size of the ring fixtures, more specimens can be tested in a single
autoclave than in active load test facilities. Up to 10 instrumented CSLCT ring fixtures have
been tested in a single 60 liter flowing autoclave. Also, a dedicated actuator is not needed for
each autoclave test facility, and each ring can be independently loaded to achieve different K,
values for each specimen.

Hardware: The CSLCT hardware and assembly are shown in Figures 4 (a) and (b),
respectively. Hardware components are fabricated from Alloy X-750, which is a high strength
corrosion resistant nickel-based superalloy. Sizing is controlled to ensure that stresses are low,
to preclude PWSCC of the hardware. The CSLCT specimen hardware is reusable. In addition
to the loading apparatus, the ‘ring-loaded’ specimens are also capable of employing linear
variable differential transformers (LVDTs) as in-situ instrumentation, which can be used in an
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effort to identify the incubation time!" for the onset of SCC, or to determine whether a steady-
state crack growth rate is achieved during a given SCCGR test.

Loading: Each ring is pre-compressed to ~ 15.5 kN (3500 pounds-force) and then unloaded
prior to use. This pre-compression step is used to work harden each ring slightly, to ensure that
the subsequent ring loading is elastic in nature. The unloaded ‘length’ (L) of the ring is then
measured in the direction parallel to the load line. This measurement is made in a specific,
machined area in the flat region of the ring (from one outside surface to the other), as shown in
Figure 4 (a). Then, the spring constant of the ring is determined by using an actuator to
compress the ring while measuring the resulting elastic displacement using a clip gauge placed
inside of the ring. In general, the rings compress by ~ 8.8 kN per mm (50 pounds-force per mil)
of displacement. The ring spring constant (k;) must be determined independently for each ring.

The schematic diagram for loading a CT specimen into the CSLCT ring fixture is shown in
Figure 5. An actuator applies a load to the ring, which compresses it. The top bolt is then
rotated such that ~ 0.45 kN (100 pounds-force) of the axial load applied to the ring is transferred
to the CT specimen. The actuator-applied load is then slowly released from the ring, which
loads the CT specimen as the ring expands (i.e., the ring acts as a spring). Since both the ring
and the specimen are compliant, the final load applied to the specimen is generally 15 to 25
percent less than the load applied to the ring by the actuator. Therefore, it is necessary to
increase the applied actuator load by the estimated load reduction during ring loading.
Typically, the compressive load applied by the actuator will have a value between ~ 4.5 and 11
kN (i.e., between 1000 and 2500 pounds-force). While the exact final specimen load is not
known until after the loading process is complete, experience has shown that the final specimen
loads are generally within 3% of the desired load. Determination of the final load is made via a
post-loading measurement of the ‘loaded’ ring length, L,;, which is illustrated in Figure 5 (c). Itis
emphasized that the important parameter to measure is the change in ring length — i.e., the
change in spring length — relative to the unloaded condition, which is referred to as AL (where
AL =Ly - L;). Then, the load (P) can be determined using the measured spring constant of the
ring:

P=AL k,. (1

Since the rings are loaded at room temperature, the load applied to the specimen decreases as
the specimen is heated in the autoclave, due to the change in modulus of elasticity with
temperature. The load loss due to the modulus change is accounted for during the loading
process, by increasing the applied load (e.g., by ~ 8 to 10% for testing at 338 to 360°C) in order
to achieve the desired load at the test temperature.

Note that this apparatus has been used to test 0.4T and 0.6T CT specimens (i.e., specimen
thickness of ~ 10 and 15 mm, respectively). Testing of larger specimens would require rings
with a larger diameter.

Qualification: Testing was performed on Alloy 600 and Alloy X-750 Condition HTH specimens
for which abundant active load SCCGR data were available. Figure 6 shows that the SCCGRs
measured using the ring-loaded specimens are within the range of results produced by active
load testing.

¥ Note that since irregular crack fronts limit the effectiveness of in-situ crack detection instrumentation methods, the
LVDTs are generally less effective at discerning crack incubation times for weld materials than for wrought materials.
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Post-test measurements show that the amount of load loss during testing is relatively minor,
even when appreciable SCC occurs. Although SCC leads to displacement at the specimen load
line (and hence an increase in the ring length), the load is not very sensitive to minor increases
in length due to the compliant nature of the rings. Post-test specimen loads were determined by
measuring the ring length after the specimens were removed from the autoclave, both prior to
unloading (L, post-test) @nd after unloading (Ly, posttest)- The maximum load loss during the test for
the six specimens tested was 2.2 %. Despite this minor loss in load, ring-loaded specimens
generally experience an increasing K, during an SCCGR test, due to the effect of increasing
crack length on K. For example, the three Alloy 600 specimens had average pre- and post-test
K, values of 27.1 and 28.1 MPa\m, respectively (both are at-temperature K, values). Note that
the increase in K| with crack growth is lower than it would be for an actively-loaded test.

Use of RATIO and SCCGRave

All data provided in this study are reported as the average SCC growth rate (SCCGRave), rather
than the maximum SCC growth rate (SCCGRyax). In addition, the maximum-to-average crack
extension ratio (i.e., RATIO) is also reported for each data point. This method of data reporting,
which is used by Lockheed Martin and by Mills and Brown [8], has some advantages over the
traditional practice used by most investigators — j.e., data are typically reported as either
SCCGRave or SCCGRyax.

RATIO: It is well-known that stress corrosion crack fronts are often uneven (Figure 3),
particularly for weld metal. Cracks initially occur as discrete ‘fingers’ — in the case of weld metal,
the initial cracks form along SCC-susceptible dendrites — and then become more uniform as
cracking proceeds, though some level of crack front unevenness is typically maintained, as
shown in the inset of Figure 7. A method is described herein to quantitatively characterize the
crack shape by using the maximum SCC extension (Aan.x) and the average SCC extension
(Aaave). The ratio of these quantities is referred to herein as the RATIO:

RATIO = 43max. )
ave

As shown in Figure 7, it is observed experimentally that cracks with longer average crack
extensions have smaller RATIOs. Early in the SCC process, where only isolated dendrites have
undergone SCC, the RATIO is expected to be large. Later in the SCC process, the amplitude of
the ‘unevenness’ due to the leading dendrites is only a small fraction of the actual crack
extension, and the RATIO approaches 1.

A regression to the combined RATIO data set shown in Figure 7 was developed:
In(RATIO-1) =2.48—-0.762- In[] (3)

where Aay is a normalizing value (taken as 0.051 mm) that is utilized to maintain dimensionless
notation. It is noted that one limitation of this equation form is that it produces physically
unreasonable RATIO values for very small values of Aa,.. Thus, equation (3) is judged to be
valid only for RATIO values > 0.051 mm. ¥

@ n Figure 7, some of the data presented do not meet the SCCGR screening criteria outlined above, in order that a
wide range of data would be available for the RATIO regression (e.g., including cases where the Aaaye is low).
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The data set used in the regression includes published data from Mills and Brown [8], in addition
to data from the present study. It is observed that the present data and the Mills and Brown
data are in good agreement for cracks with Aa,. greater than ~ 1 mm. Below this point, the
RATIO values reported by Mills and Brown are somewhat lower than the present RATIO values.
There are two possible reasons for this observation. The most probable reason is that the
definitions of Aan.x utilized in the two studies are different. Specifically, the present work
defines Aanmax as the absolute maximum SCC extension at any position along the crack front. In
the Mills and Brown work, Aamax is defined as the maximum SCC extension at any of the post-
test examination measurement points (either 9 or 25 measurement points were used per
specimen [8]). Thus, the Mills and Brown method may provide lower Aam.x values than the
method used in the present work, since the absolute maximum SCC extension along the crack
front will often be located somewhere between two of the measurement locations. This
difference in the definition of Aan. likely explains the difference in RATIO values at low Aage. It
seems reasonable that the impact of the different Aanax definitions should diminish as the cracks
grow beyond Aa,. values of 1 mm, since the crack front irregularity diminishes as Aaae
increases.

It is also possible, though less likely, that the difference in RATIO values at low Aa, is due to
the use of unload-reload cycles in some of the Mills and Brown tests. It has been suggested in
the past that unload-reload cycles may produce more uniform crack fronts, and thus it is
conceivable that such an effect could lead to lower RATIO values. In their work ([8]1,[9]) Mills
and Brown state that the unload-reload cycles used in their tests had no effect on the ratio of
maximum SCC extension to average SCC extension — the basis for this statement is the overlap
between their unload-reload data (stress ratio ~ 0.65, trapezoidal waveform with hold times of
10 or 100 minutes) and constant load data over the range of ~ 1 mm < Aas.e <5 mm (Figure 7).

It is noted that the concept of the RATIO is applicable to wrought materials as well, since they
also exhibit ‘uneven’ stress corrosion crack fronts. This point is illustrated by the CSLCT
specimen qualification data described in the previous section, in which one of the Alloy 600
specimens experienced an average SCC extension of 0.518 mm and a maximum SCC
extension of 1.25 mm, while one of the Alloy X-750 HTH specimens experienced an average
SCC extension of 0.434 mm and a maximum SCC extension of 0.810 mm. Thus, the RATIO
values for these Alloy 600 and Alloy X-750 specimens are 2.41 and 1.87, respectively.

Use of Average rather than Maximum SCCGR: One consequence of the crack shape
evolution with time shown in Figure 7 is that the apparent maximum SCC growth rate is not
constant, but rather changes with test duration. This concept is illustrated in Figure 8. In this
schematic figure, an average SCC growth rate of 1 mm/yr was assumed for the purposes of
illustration. The value of Aan.x at different test times was calculated using the RATIO equation
in Figure 8. The key concept in Figure 8 is that the SCCGRyax value obtained from this test
depends on when the test is stopped. Specifically, if the test is terminated at 0.25 years, a
higher SCCGRyax value would be obtained, relative to a test terminated at 1 year. To
circumvent this concern regarding SCCGRuax, While still capturing the information obtained in
the test related to the maximum SCC extension, data are reported herein using both the
SCCGRAVE and the RATIO.

It can be argued that the use of SCCGRyax (rather than SCCGRave) is ‘conservative’ since
SCCGRyax is always greater than SCCGRave. However, the use of SCCGRyax introduces an
unknown (and non-constant) level of conservatism. The present authors believe that to
incorporate conservatism, it is more appropriate to perform SCC lifetime estimates using an
SCCGRave model with a specified (e.g., 95%) upper bound. The final average SCC crack depth
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for a given exposure time can be calculated using a numerical integration approach (which is
necessary due to the changes in K, during SCC growth), and then, if desired, the RATIO
regression can be used to estimate the corresponding final maximum crack depth. This process
provides a better means of controlling the amount of conservatism/risk in the SCC lifetime
estimates. A user-selected upper bound can also be applied to the RATIO regression, if
desired.

It is noted that the use of SCCGRayve rather than SCCGRyax is consistent with the practice
utilized for wrought Alloy 600 in MRP-55 [5]. Also note that Appendix A shows two plots that
relate the percent engagement criteria used in data screening to the RATIO and to Aa,.. These
plots may be used along with Figure 7 to analyze or screen historical data for which the percent
engagement is not available.

SCCGR Data

Alloy 182: Figure 9 shows the present Alloy 182 SCCGR data, which are labeled as LM
(Lockheed Martin) data. Data are reported for the two heats of Alloy 182 (LM182—-1 and -2).
Note that there are two variants of heat LM182-2, with somewhat different yield strength values
due to variations in welding and material processing (Table 2). Data are also included in Figure
9 from welds fabricated by several different laboratories and reported by Westinghouse [10].
The comparison to published data was intentionally limited to cases in which the SCCGRave
(rather than SCCGRyax) was reported, in order to provide a fair comparison to the present data.
Note also that, in order to compare the data on an equivalent basis, three data points from the
Westinghouse study were screened due to SCC crack extensions less than 0.2 mm (i.e., using
the same screening criterion applied to the LM data). In general, the present data are in
reasonable agreement with the SCCGRs reported by Westinghouse, though the Westinghouse
values tend to be slightly higher on average.

The LM data were obtained at 328°C and 338°C. In Figure 9, all data were normalized to a
temperature of 325°C, consistent with the practice used in EPRI MRP-55. In the MRP-55
report, the SCCGRs for wrought Alloy 600 were temperature-adjusted (i.e., normalized) using a
value of 130 kJ/mole. It appears that this value is also a reasonable thermal activation energy
(Qsccar) to use for the weld materials, on the basis of literature citations. Specifically, Le Hong
et al. reported that the Qsccer for Alloy 182 is ~ 130 kd/mole, based on EDF, ETH, and CEA
data [1]. Mills and Brown [8] reported that the Qsccor for Alloy 82 is ~ 130 to 150 kJ/mole.
Therefore, the present work utilizes a Qsccer 0of 130 kd/mole for both Alloys 182 and 82, for the
purposes of temperature normalization. The LM data were obtained at either 35 or 40 scc/kg
H,, while the Westinghouse data were obtained at 25 scc/kg.

Alloy 82: Figure 10 shows the present Alloy 82 SCCGR data, for three heats (LM 82-1, -2,
and -3). Data are also included in Figure 10 from Bechtel [8]. Again, the comparison to
published data was limited to cases in which the SCCGRave was reported. The LM data were
obtained at either 20 or 40 scc/kg H,, while the Bechtel data were obtained at 40 to 60 scc/kg
H,. The LM data were obtained at 316, 328, 338, and 360°C (see Appendix A for details).
Figure 10 shows the LM and Bechtel data, normalized to 325°C. In general, the present data
are in reasonable agreement with the SCCGRs reported by Bechtel.

It appears that some of the variability in the LM data for heat 82-2 may be caused by dissolved
hydrogen effects. Specifically, as shown in Figure 10, the three LM data points with the highest
SCCGRs were tested at 20 scc/kg H,. The other four data points from that heat (three data
points located at ~ 28 MPaVm and one at ~ 49 MPaVm) were tested at 40 scc/kg H, and all
exhibit lower SCCGRs. Testing for heat 82-2 was conducted at 338°C, at which 20 scc/kg H; is
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closer to the measured nickel/oxide phase transition than is 40 scc/kg H,, which should result in
higher SCCGRs. This issue is discussed in detail later in this document.

Comparison of Alloys 182 and 82: Figure 11 shows all of the SCCGRave data for Alloys 182
(in blue) and 82 (in green). On average, the crack growth rates for Alloy 182 are more rapid
than the crack growth rates for Alloy 82. This result may be related to the lower chromium
content of Alloy 182 (typical values of ~ 15 wt% Cr compared to ~ 20 wt% Cr for Alloy 82), the
different welding processes employed, and/or the higher average carbon levels for the Alloy 82
heats. Given the known influence of chromium concentration on PWSCC resistance, for
example, it is not unreasonable to expect that Alloy 182 might exhibit higher SCCGRs than Alloy
82.

The specific test conditions (temperature, aqueous H, level) for each LM heat are described in
Appendix A.

SCCGR Modeling

Three empirical model forms were evaluated by fitting each model to the combined LM plus
commercial SCCGRaye data set. All three model forms have an Arrhenius-type dependence on
temperature and a power law dependence in K. The following approaches were used in
developing the three model forms:

a The data from Alloy 182 and 82 were grouped together to determine the 1/T and K|
dependencies. This approach was used because there are insufficient data to determine
these parameters for each data set independently — for example, most of the Alloy 182 data
are at approximately 325°C.

a Given that the SCCGRs for Alloy 182 are generally higher than the SCCGRs for Alloy 82, it
was judged appropriate to account for the differences between the two alloys using an
‘offset’ (i.e., a multiplicative factor), and forcing common 1/T and K, dependencies.

a Since there are insufficient data in the combined data set to quantify a threshold, model
forms with and without a threshold K, were evaluated. In cases where a threshold was
used, a value of 9 MPaVym was employed, to be consistent with the Alloy 600 model
presented in MRP-55 (i.e., the Scott model [11]).

a The stress intensity factor dependence was generally determined by the results of the
regression (i.e., the K dependence was not fixed). However, it was also of interest to
evaluate the form of the Scott model, since this model was utilized for the wrought Alloy 600
modeling in MRP-55. The Scott model fixes the K dependence at 1.16 — this value is based
on an analysis of inspection data for cracks in the roll transitions of steam generator tubes
[11].

a Unfortunately, the yield strength range of the present data is fairly narrow (Appendix A). For
this reason, a yield strength term was not included in the model forms evaluated, even
though the authors believe that SCC of weld materials is likely influenced by yield strength.
This statement is based on the known effect of yield strength for wrought Alloy 600 SCCGR,
as demonstrated in several publications (e.g., [12]).
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The following general model form was used:

B
da K, -K Q
gt = A Bmaterial - [’ K, "’J : exp[‘ R. T} (4)

where da/dt is the average SCCGR in meters per second, A is the intercept, Bnaterias iS @
multiplicative factor for Alloy 182 (i.e., Bnaterias = 1 for Alloy 82), K; is the applied stress intensity
factor (in MPaVm), K, is a threshold stress intensity factor (in MPavm), K, is a normalizing
stress intensity factor used to obtain dimensionless quantities (= 1 MPavm), g is the K,
dependence fitting parameter, Q is the thermal activation energy in joules per mole, R is the
universal gas constant (8.314 J/mol-K), and T is the temperature in Kelvin. The three model
forms can be summarized as follows:

o Model 1: Ky =0 MPavm, K dependence not fixed
o Model 2: Ky =9 MPaVym, K dependence not fixed
o Model 3: Ky =9 MPaVym, K dependence () fixed at 1.16 [Scott form]

Model 1: The regression to model form 1 yields the following results:

0.999
da _ 14.76-<4'272182>-(K’] ex [_ 148,300} (5)
dt 1.000| 82 8.314-T

where the SCCGR for Alloy 182 is calculated to be, on average, approximately 4.3 times as fast
as the SCCGR for Alloy 82. The stress intensity factor dependence (f) is ~ 1 and the Qsccer is
~ 148 kJ/mole. This value is slightly higher than the Qsccer employed to normalize all data to
325°C. The fit of this model to the data is shown in Figure 12. The R? value for this model is
0.550, and the standard deviation is 0.760.

It is recognized that the approach taken in Model 1 is limited by the fact that the Ki-dependence
and 1/T-dependence are taken from several heats (11 heats). It can be argued that a more
appropriate method of determining the K-dependence, for example, is to evaluate the K
dependence of a single heat over a wide range of stress intensity factors. In the present
combined data set, the heat that most closely approximates this situation is heat C-4 from
Bechtel. All of the green triangles in Figure 12 belong to this heat, except for the data point at a
K, of 52.5 MPaym and a normalized SCCGRayve of 4.18 x 10" m/s. If the remainder of the
Bechtel data points are considered, it can be observed that the apparent K, dependence for heat
C-4 is slightly steeper than the g value of ~ 1 obtained by regressing to the combined data set.
Thus, the decision to not force the g value to equal the power law slope of the Bechtel C-4 heat
is not expected to be a significant problem for the model forms evaluated herein. It should also
be pointed out that there are a few disadvantages to using a single heat to define the K-
dependence. One disadvantage is that the obtained value may not be directly applicable to
other heats, which may not have the same Ki-dependence. Another issue is that using a subset
of the data to define the K,-dependence means that single data points have more leverage on
the result, and that random variation in a single response can significantly alter the value of the
fitting parameter. Grouping all of the data reduces the influence of each specific data point on
the overall result.
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Model 2: The regression to model form 2 yields the following results:

0.723
da _ 71.24.<4.267182>'[K, —9] Cex { 150,200} )

dt 1.000| 82 1 - 8.314.T

where the ‘offset’ between Alloys 182 and 82 is similar to the offset determined using model 1.
The stress intensity factor dependence is lower than for model 1, and the Qsccer is slightly
higher. The fit of this model to the data is shown in Figure 13. The R? value for this model is
0.549, and the standard deviation is 0.760.

Model 3: The regression to model form 3 (the Scott model form) yields the following results:

da <4.618182> . [K, - gj’-"‘ _ [ 127,900} @

—=0.199- P| -
1.000| 82 1 8.314-T

where the regression results show a slightly higher offset (4.6x) between Alloys 182 and 82, and
a lower activation energy. The fit of this model to the data is shown in Figure 14. The R? for this
model is 0.520 and the standard deviation is 0.764.%

Comparison of Models 1, 2, and 3: Figure 15 compares the three models. It is evident that
Models 1 and 2 are very similar for K, > 20 MPaVym. It is important to note that from a flaw
disposition viewpoint, these models are expected to result in similar SCC predictions, since
once cracks have grown to a detectable size, they are likely to have stress intensity values
greater than 20 MPavm. Thus, for most practical purposes, Models 1 and 2 are equivalent.
Model 3 is distinguishable from the other two forms, but the SCCGRs predicted by Model 3 are
within < 1.5x of the other models, over the range of 20 MPaVym < K, < 70 MPaVm. This
difference is contained within the scatter of the experimental data.

Model Summary: Models 1 and 2 provide a viable approach for correlating the data, and
Model 3 also appears to be reasonable. Over the range of the three models, Qsccer values
were ~ 128 to 150 kJ/mole, which is not very different from other values in the literature for Alloy
600 weld [1] and wrought [5] materials. The K;-dependencies, when not forced to 1.16, are
~0.7 to 1.0. These values are somewhat lower than the Scott model value, but are not very
different than 1.16. In fact, when the variance of the g values is considered, it can be argued
that these values cannot be differentiated from 1.16 (specifically, the 95% confidence intervals
on the gvalues from either Model 1 or 2 include the value 1.16).

Note that it is possible that the Ki-dependence of Alloy 182 is lower than that of Alloy 82. For
example, the SCCGRyax data reported from an EDF study [1] suggests a low K-dependence
(K®"). While this K--dependence is shallower than that observed in the present combined data
set and in the C-4 heat of Alloy 82 from Bechtel, it is possible that the Ki-dependencies of Alloys
182 and 82 are different — there are insufficient data in the present study to resolve this issue.

It is clear from Figures 12 to 14 that weld variability is an issue for all three models (R? values
~0.55). Since prior work has suggested the possibility of a K,-temperature interaction in

3 Note that in the MRP-55, the Scott model was used in a somewhat different manner than employed herein. In the
MRP-55 work, an intercept was determined for each heat. The 75" percentile of the intercept values for all the heats
was then used to determine a predictive curve for the wrought Alloy 600 data set [5]. In the present work, it was of
interest to simply evaluate the performance of the Scott model form relative to the data, rather than to replicate the
upper bound procedure used in MRP-55. No upper bound equations are presented herein for Models 1 to 3.
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SCCGR data [13,14] (i.e., the data in [13] suggest that Qsccgr Mmay be a function of K), an
attempt was made to improve the fit to the data using a K-1/T interaction:

B
da K, -K Q C-IK-Ki )/ K
m=A'Bmafeﬂa"['K0"’] 'e""[‘R.r]'e"P[ o re) °)} ®)

where the last term in the equation represents the K\-1/T interaction. Unfortunately, this model
form produced no measurable improvement in either R? or in the standard deviation (though it is
noted that this is not the only possible equation form to describe stress-temperature
interactions).

Possible methods of reducing the scatter are to explicitly account for heat-to-heat differences
and/or to normalize the data for aqueous hydrogen concentration. At present, however, the
quantitative data are not available to enable such a hydrogen normalization. Additional
information relative to dissolved hydrogen effects on SCC is presented in the following section.

Aqueous Hydrogen Effects on SCCGR

Prior work: Testing of nickel-based alloys in several laboratories has revealed the existence of
a maximum in PWSCC susceptibility, when testing is conducted over a range of aqueous
hydrogen (H,) concentrations [15-26]. This maximum in SCC susceptibility occurs in proximity
to the nickel/nickel oxide (Ni/NiO) phase transition, suggesting that oxide phase stability affects
PWSCC resistance.

Contact Electric Resistance (CER) Measurements: Experimental measurements of the Ni/NiO
transition have been performed using a CER instrument (Figure 16). The CER is capable of
measuring the surface resistance of a metal to determine whether it is oxide-covered or oxide-
free at a given condition. The CER setup used in [27] employed nickel (99.5 wt%) as a test
specimen and iridium as an oxide-free inert specimen. Resistance measurements were
conducted to measure the H, concentration corresponding to the Ni/NiO equilibrium at 288, 316,
338 and 360°C (note that changing the aqueous H, level can stabilize or destabilize NiO, via the

reaction NiO + H, = Ni + H,O). Figure 17 shows the CER data — the amount of H, required to
reduce NiO to Ni increased as the temperature was raised, consistent with the trend predicted
by thermodynamic calculations. Figure 17 also shows corrosion coupon data (obtained at
338°C) that were used to spot-check the CER results. A Ni coupon exposed at 20 scc/kg H;
was essentially oxide-free, while a coupon exposed at 12.5 scc/kg H, was oxide-covered. As
discussed in Reference [27], the CER data showed an appreciable deviation between the
measured Ni/NiO transition and a calculated Ni/NiO transition based on free energy data from
the Journal of Solution Chemistry [17].

Implications for Aqueous H, Effects on PWSCC: As shown in Figures 18 and 19 (a), the CER-
measured location of the Ni/NiO transition is in close agreement with the location of the maxima
in PWSCC susceptibility for Alloy X-750 Condition HTH at 360°C and Alloy 600 at 338°C (note
that, as shown in [18], the maximum in SCC susceptibility for Alloy X-750 Condition AH resides
slightly into the nickel oxide stability regime). These observations provide insight related to
extrapolating the effects of aqueous H, concentration to lower temperatures. In other words,
accelerated testing has been conducted at 338, 360, and 399°C to determine the effect of
aqueous H, on SCC, but such tests would be time-consuming to perform at reduced
temperatures. The measured Ni/NiO transition provides a reasonable basis for estimating the
aqueous H, levels at which the maxima in SCC susceptibility are likely to be observed at lower
temperatures. Support for this statement comes from the work of Totsuka et al. [24], in which
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the maximum in PWSCC susceptibility of Alloy 600 was found to reside at ~ 33 scc/kg H, at
360°C, and at ~ 11 scc/kg H, at 320°C. The location of the measured Ni/NiO phase transition is
25 + 5 scc/kg H; at 360°C, and ~ 8 + 2.5 scc/kg H; at 320°C.

Prior work indicates that the H, dependency can be fundamentally described by the extent that
the electrochemical corrosion potential (EcP) of the alloy deviates from the potential of the
Ni/NiO phase transition (i.e., EcPninio — EcP), as shown in Figure 19 (b). This potential
difference (AEcP) likely represents the relative stability of oxides that can influence SCC (e.g.,
crack tip oxides are often of a NiO structure [28]). Correlations of the observed hydrogen
functionality were developed for Alloys 600, X-750 HTH and X-750 AH in terms of the parameter
AECP [18]. Knowing the location of the Ni/NiO phase transition as a function of temperature,
these correlations can be extrapolated to lower temperatures via the assumption that the
magnitude of the dissolved H, effect is temperature independent (i.e., it is assumed that the only
effect of temperature is to change the location of the Ni/NiO phase transition). Using these
correlations, SCCGR effects can be predicted at a given aqueous H, concentration and
temperature of interest, for each material.

Aqueous Hydrogen Effects on Alloy 82: Given that the SCCGR increases as the Ni/NiO
phase transition is approached for other nickel-based alloys, it is expected that similar behavior
should also be obtained for the weld materials tested in this study. Although no hydrogen
effects data are available for Alloy 182, limited hydrogen effects data are available for Alloy 82,
as shown in Figure 20. Crack growth rate data are available for a single heat (LM82-2) at
338°C. Crack growth rates for all three specimens tested at 20 scc/kg H, were higher than the
crack growth rates for the four specimens tested at 40 scc/kg H,. As expected, approaching the
Ni/NiO phase transition (located at 13.8 scc/kg H, at 338°C) leads to higher stress corrosion
crack growth rates. Insufficient data are available at present to adequately quantify the
magnitude of the hydrogen effect on Alloy 82. For this reason, the hydrogen effect has not been
factored into the empirical SCCGR models discussed in the previous section.

SUMMARY

a CSLCT (ring-loaded) specimens can generate efficient, viable SCCGR data.

a The evolution of crack shape with time is quantitatively well-described by the RATIO
(E AaMAx/AaAVE).

o SCCGR data can be reasonably reported using SCCGRave plus the RATIO.

a LM data for Alloys 182 and 82 are generally consistent with SCCGRave data from other
researchers.

a Three empirical model forms were evaluated — all model forms seem reasonable, though
data scatter leads to an appreciable standard deviation for all three forms.

a Aqueous H; level influences SCCGR — more quantification of this effect is desirable.

ACKNOWLEDGEMENTS

Development of the CSLCT specimens was due in large part to the work of Norm Perazzo,
Kerry Cotterell, and Bruce Furbeck. Some of the SCCGR testing was conducted by John
Schisano, Maureen Schurman, and Brian Gain. Thanks to Bill Mills of Bechtel for providing
input to this work. Additionally, the decision to report data as SCCGRaye rather than SCCGRyax
was developed in part as a result of discussions with our colleagues at Bechtel including Bill
Moshier, Doug Symons, and Mac Hall. The authors would like to thank John Hickling of EPRI
and Glenn White of Dominion Engineering for providing technical information.

278



REFERENCES

(1]

(2]

(3]

(4]

5]

(6]

(7]

(8]
9]

[10]
[11]
[12]

[13]
[14]

[19]

[16]
[17]

(18]

[19]

S Le Hong, JM Boursier, C Amzallag, and J Daret, from Proceedings of the Tenth
International Conference on the Environmental Degradation of Materials in Nuclear Power
Systems — Water Reactors, Lake Tahoe, NV, August 2001.

WH Bamford, J Foster, KR Hsu, L Tunon-Sanjur and A Mcllree, from Proceedings of the
Tenth International Conference on the Environmental Degradation of Materials in Nuclear
Power Systems — Water Reactors, Lake Tahoe, NV, August 2001.

Nuclear Regulatory Commission website, http://www.nrc.gov/NRC/REACTOR/SUMMER/
index.htm

A Jenssen, K Norrgard, J Lagerstrom, G Embring, and DR Tice, from Proceedings of the
Tenth International Conference on the Environmental Degradation of Materials in Nuclear
Power Systems — Water Reactors, Lake Tahoe, NV, August 2001.

G White, Materials Reliability Program (MRP) Crack Growth Rates for Evaluating Primary
Water Stress Corrosion Cracking (PWSCC) of Thick-Wall Alloy 600 Materials (MRP-55)
Revision 1, EPRI, Palo Alto, CA: 2002. 1006695.

WH Bamford, JP Foster, and RS Pathania, Proceedings of the Ninth International
Symposium on the Environmental Degradation of Materials in Nuclear Power Systems —
Water Reactors, Newport Beach, August 2001, p. 279.

R Lindstrom, P Lidar, and J Lagerstrom, Proceedings of the Eighth International
Symposium on the Environmental Degradation of Materials in Nuclear Power Systems —
Water Reactors, Amelia Island, August 1997, p. 422.

WJ Mills and CM Brown, Bechtel report B-T-3435, March 2002.

WJ Mills and CM Brown, Proceedings of the Eleventh International Symposium on the
Environmental Degradation of Materials in Nuclear Power Systems — Water Reactors,
Stevenson Washington, September 2003.

W Bamford and J Foster, Crack Growth of Alloy 182 Weld Metal in PWR Environments
(PWRMRP-21), EPRI, Palo Alto, CA: 2000. 000000000001000037.

PM Scott, Presented at NEA/CSNI Specialist Meeting on Operating Experience with
Steam Generators, Brussels, Belgium, September 16-20, 1991.

WC Moshier and CM Brown, CORROSION/99, Paper No. 449, 1999.
Y Shen and PG Shewmon, Corrosion, 47 (1991), p. 712.

MM Hall and DM Symons, from Chemistry and Electrochemistry of Corrosion and Stress
Corrosion Cracking: A Symposium Honoring the Contributions of RW Staehle, The
Materials Society (TMS), New Orleans, February 11-15, 2001.

T Cassagne, B Fleury, F Vaillant, O de Bouvier, P Combrade, Proceedings of the Eighth
International Symposium on Environmental Degradation of Materials in Nuclear Power
Systems, p. 307, 1997.

G Economy, RJ Jacko and FW Pement, Corrosion, 43, No. 12, p. 727, 1987.
DS Morton, SA Attanasio, JS Fish and MK Schurman, CORROSION/99 Paper No. 447,
April 1999.

DS Morton, SA Attanasio, GA Young, and MA Ando, Proceedings of the Tenth
International Symposium on Environmental Degradation of Materials in Nuclear Power
Systems-Water Reactors, Lake Tahoe, 2001.

JM Boursier, O de Bouvier, JM Gras, D Noel, R Rios and F Vaillant, Proceedings of the
Conference

279



(20]

[21]

(22]

(23]

[24]
(23]

(26]

[27]

(28]

[29]

on Corrosion Deformation Interactions, p. 117, Les editions de Physique, Paris, France
(1992).

DS Morton, SA Attanasio, GA Young, PL Andresen, TM Angeliu, CORROSION/01, Paper
No. 117, 2001.

RS Pathania, AR Mcliree, Proceedings of the Third International Symposium on

Environmental Degradation of Materials in Nuclear Power Systems-Water Reactors,
p.551, 1987.

T Magnin, JM Boursier, D Noel, F Valliant, Proceedings of the Sixth International
Symposium on Environmental Degradation of Materials in Nuclear Power Systems-Water
Reactors, p.669, 1993.

T Cassagne, A Gelpi, Proceedings of the Sixth International Symposium on Environmental
Degradation of Materials in Nuclear Power Systems-Water Reactors, p.679, 1993.

N Totsuka, Y Nishikawa, and N Nakajima, CORROSION/2002, Paper 523, 2002.

N Totsuka, E Lunarska, G Cragnolino and Z Szklarska-Smialowska, Corrosion, 53, 505
(1997).

PM Scott, “Predictions of Alloy 600 Component Failures in PWR Systems”, Proceedings of
a Research Topical Symposium at CORROSION/96, p. 135.

SA Attanasio, DS Morton, MA Ando, NF Panayotou and CD Thompson, from Proceedings
of the Tenth International Symposium on Environmental Degradation of Materials in
Nuclear Power Systems-Water Reactors, Lake Tahoe, 2001.

N Lewis, WJS Yang, JS Fish, DJ Perry, C.D. Thompson, Proceedings of the Eighth
International Symposium on Environmental Degradation of Materials in Nuclear Power
Systems-Water Reactors, p.266, 1997.

SA Attanasio, DS Morton, and MA Ando, CORROSION/2002, Paper No. 517, 2002.

280



Table 1. Alloy Compositions in weight percent.

Heat Ni C Fe C Mn Cu Si C S P T N°
LM182-1 | Bal | 15.0 | 7.2 | 0.03 | 5.9 [0.00| 0.7 | 0.03 | 0.005| N/A 0.5 | 2.0
LM182-2 | 68.7 | 15.1 | 7.0 | 0.02 | 6.0 |0.00| 0.8 | 0.03 | 0.005| 0.01 0.5 1.9
LM82-1 | 73.4 | 17.5 | 1.7 | 0.047 | 3.14 | 0.05| 0.26 | 0.04 | 0.005 | N/A 0.17 | 3.64
LM82-2 | 73.5 | 19.0 | 1.46 | 0.045|2.80 | 0.05|0.12 | 0.04 | 0.001 | 0.013 | 0.30 | 2.32
LM82-3 | 71.5 | 20.6 |1.27|0.045|2.81|0.31|0.14| 0.04 | 0.002 | 0.012 | 0.35 | 2.44

Table 2. Room Temperature Yield Strengths (YS), in MPa.
Heat | LM182-1 | LM182-2a | LM182-2b LM82-1 LM82-2 LM82-3
YS 503 454 530 439 465 460
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Figure 1. Photographs from the VC Summer hot leg, showing that both Alloys 182 and 82 are susceptible to
primary water stress corrosion cracking (source: http.//www.nrc.gov/NRC/REACTOR/SUMMER/index.htm).
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Carbon Steel

Carbon Steel

S

Carbon Steel

Figure 2. Specimen fabrication methods. Cracks grow from root-to-crown, in the T-S orientation. The arrows denote
the welding direction. For the method in the upper left corner, the darker gray weld metal represents Alloy 82 weld
buildup, which was subsequently machined to form a groove. Alloy 182 weld metal was then deposited (lighter gray).
The end of the notch and the precrack were located in the Alloy 182 material. A similar specimen fabrication method

has also been used by Studsvik [7].

Post-test  Air fatigue
fatigue precrack
Figure 3. A specimen showing the air fatigue precrack, SCC, and post-test fatigue regions.
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Figure 4. Compliant self-loaded compact tension (CSLCT) specimen hardware (a) and assembly (b). The
unloaded length of the ring (L)) is shown in (a).
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a) Load is applied using Instron
Machine to compress ring

Figure 5. llustration of CSLCT loading method.

b) Top bolt is tightened with load

in place

c) Instron load is removed transfering
ring compression load to specimen

The actual load on the specimen is quantified by using the

independently-measured spring constant of the ring, plus the change in length of the ring (i.e., AL=L,-L}). L, isthe
‘unloaded’ length prior to applying the acutator load, as shown in Figure 4 (a), and L is the length after loading.

1 E-09
SCC Growth
Rate, da/dt
(m/s)

1E-10

1E-11

1E-12

Figure 6. CSLCT specimen qualification test results.

| A ¢ Actively loaded .
| © @BCSLCT (Ring) loaded |- --------------~-

s

Alloy X-750 HTH
60°C, 50 scc/kg H,|---

***** 338°C,40scc/kgHy[f -

0 10 20

30 40 50 60 70 80
K (MPa-m*/?)
The Alloy 600 tests were conducted using 0.6T CT

specimens. The tests conducted on Alloy X-750, which has a much greater yield strength than the Alloy 600,

utilized 0.4T CT specimens
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Figure 7. Quantification of the RATIO (= Aa,,,/Aa
the present work.

.ve) @S a function of crack depth, based on data from [8] and
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Figure 8. Schematic illustration of the effect of test time on the apparent maximum SCCGR. The Aa,,, curve
(magenta) was obtained by integrating the RATIO data in Figure 7, and by assuming an SCCGR, , of 1 mm/yr.
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Figure 9. Alloy 182 data from the present study and from a Westinghouse study [10] utilizing welds from
several laboratories.
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Figure 10. Alloy 82 data from the present study and from a Bechtel study [8].
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Figure 11. Compilation of Alloy 182 and Alloy 82 data in the combined data set (Lockheed Martin, Westinghouse,
and Bechtel).
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Figure 12. Fit of the SCCGR data to Model 1. This model does not employ a threshold, and the K, dependency
is not fixed.
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Figure 13. Fit of the SCCGR data to Model 2. This model employs a threshold of 9 MPavm, and the K, dependency
is not fixed.
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Figure 14. Data fit to Model 3 (Scott form). This model employs a threshold of 9 MPavm, and the K, dependency is
fixed at 1.16.
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Figure 15. Comparison of Model forms 1, 2, and 3.
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Figure 16. Schematic illustration of the contact electric resistance (CER) setup used to measure the Ni/NiO phase
transition in [27].
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Figure 17. Summary plot of contact electric resistance (CER) and corrosion coupon data [27].
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treatment [18].
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Figure 19. Alloy 600 dissolved hydrogen crack growth rate functionality at 338°C [18]. A value of 13.8 scc/kg
H, was used as the hydrogen concentration of the Ni/NiO phase transition at 338°C, as shown in Figure 17.

Details for calculating the correlating parameter EcPy;\o — ECP are provided in References [17] and [29].
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Figure 20. Effect of dissolved hydrogen on SCCGR of Alloy 82 (heat LM82-2)
at 338°C. Note that the SCCGRs were not normalized to 325°C.
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APPENDIX A - SUPPLEMENTAL INFORMATION
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Figure A1. Measured (non-normalized) SCCGR,, for each of the data points reported in this study. The figure

also gives the test temperature and aqueous hydrogen level for each heat tested. All data are in the TS
orientation. Stress intensity factor (K) is reported as the average K value during the test.
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Figure A2. Correlation of maximum-to-average SCC extent ratio with percent engagement (%E). This
correlation shows that, consistent with expectations, cracks with high ratios tend to have relatively low
engagement. This plot can be used along with Figure 7 to infer the percent engagement for a specimen even if
only Aa_, is known. This procedure may be of value in screening historical data for which percent
engagement is not available.
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Figure A3. Correlation of average SCC extent (i.e., Aa, ) with percent engagement (%E). This correlation
shows that, as expected, cracks with a larger depth of SCC also tend to be closer to full engagement across
the precrack. This correlation may also be useful in certain cases for analyzing historical data for which %E is
not available.
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Influence of Temperature on Primary Water Stress
Corrosion Cracking of Alloy 600 Weld Metals

Y oshito Nishikawa, Nobuo Totsuka and Koji Arioka
Institute of Nuclear Safety System, Inc.
64 Sata, Mihama-cho, Mikata-gun, Fukui 919-1205 Japan

ABSTRACT

Influence of temperature on primary water stress corrosion
cracking (PWSCC) of Alloy 600 weld metals was studied at
temperatures ranging from 330 to 360 °C using slow strain rate
technique (SSRT). As the results, it has been reveded that the
apparent activation energy of weld metal is about 30 kJ/mol higher
than that of heat affected zone, and the PWSCC susceptibility of
Alloy 82 is close to that of Alloy 132. It can be thought that the
former fact is areason for that the weld metal suffers PWSCC less
frequently than the base metal of 600 alloys in actual PWR plants,
though the weld metal suffers PWSCC more frequently in the
laboratory conditions at higher temperature.

Key Words: Alloy 600, Alloy 82, Alloy 132, stress corrosion cracking, primary water,
SCC, PWSCC, gas tungsten arc welding, shielded metal arc welding, activation
energy, SSRT
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INTRODUCTION

It iswidely known that mill-annealed, nickel-base Alloy 600 is susceptible to stress corrosion
cracking in primary cooling water of pressurized water reactors (PWRs) since the studies
conducted by Coriou et a.>?. This problem requires consideration in connection with the aging
of PWRS’. It has been reported recently that primary water stress corrosion cracking (PWSCC)
were found in Alloy 182 in PWR nuclear power plants. However, data from the tests conducted
on Alloys 82 and 132 are limited.* The purpose of this study is to verify the difference of
susceptibility between weld metal and heat affected zone (HAZ) of Alloys 82 and 132 on
PWSCC behavior using the slow strain rate technique (SSRT) tests.

EXPERIMENTAL PROCEDURE
Material

The specimens used in this test were cut from welded portion on single V groove of mill-
annealed Alloy 600 plate as shown in Figure 1. The welding direction is perpendicular to the
longitudinal direction of specimen. Alloys 82 and 132 were welded by tungsten inert gas
welding and shielded metal arc welding, respectively. The chemical compositions, mechanical
properties, weld pass schedule and heat input were as shown in Table 1.

Stress Corrosion Cracking Tests

Stress corrosion cracking tests were conducted by using accelerated SSRT tests’. In this
method, the central, gauge section of the flat specimen was pressed with a die as shown in Figure
2. This enables PWSCC to develop at a crack growth rate dozens of times higher than that used
in the test by the conventional SSRT. As shown in Figure 3 using hump specimen on the weld
metal or the HAZ, PWSCC can be initiated at the limited portion with humped specimen, weld
metal and HAZ. A schematic diagram of the test system is shown in Figure 4. The water used
for the test was simulated primary water used in PWRs (500 ppm B + 2 ppm Li + 2.75ppm H>),
which was the same water reported before®. The test was conducted at four levels of
temperature: 360 °C, 350 °C, 340 °C and 330 °C. The strain rate in the SSRT test was 5x10 s?,
assuming 20 mm of gauge length without hump.
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TEST RESULTS

The results presented in this study were limited to specimens that had an IGSCC% (Area of
intergranular or inter-dendrite fracture / Total area of fracture surface) greater than 5 %.
IGSCC% of specimens with less than 5 % had relatively large scatter to evaluate the
susceptibility, especially to calculate an activation energy. Figures 5 and 6 show SEM
microphotographs of the fractured surface of weld metal after SSRT test at 360 °C. Figures 7
through 9 show ones of HAZ and base metal aso. In these tests, intergranular cracks originated
and propagated from only the concave side (the bottom in the photo), which was exposed to
residual tensile stress due to the cold pressing before the test. The crack propagation rate was
obtained by the following equation:

Crack growth rate = Plate Thickness x IGSCC% / Time to fracture

Figures 10 through 13 show the relationship between the temperature and the PWSCC growth
rate of weld metal and HAZ in SSRT test. The lines are the approximated curves calculated by
least-squares method. And each thin line shows the approximated curve of Alloy 600 base metal.
As shown in these figures, the higher the temperature, the higher the crack growth rate. From the
temperature dependency of crack growth rate, the apparent activation energy for PWSCC was
calculated.® The apparent activation energies for PWSCC on Alloy 82 weld metal, Alloy 132
weld metal and HAZs welded by Alloys 82 and 132 are 188 kJ/mol (45 kcal/mal), 179 kJ/mol
(43 kca/moal), 156 kJ/mol (37 kcal/mol) and 148 kJ/mol (35 kcal/moal), respectively. And the
one of Alloy 600 base metal is 167 kJmol (40 kcal/mol). According to these results, the
apparent activation energy for PWSCC of HAZ is lower than that of weld metal regardless of
materials and the difference between activation energy of Alloys 82 and 132 issmall. And each
standard deviations, which are calculated as index numbers of standard deviations of logarithms
of deviance of each data from the approximated curves, are 1.43, 1.38, 1.37 and 1.33,
respectively. And the one of Alloy 600 base metal is 1.20. These numbers are less than the
standard deviation of all data, 1.44.

DISCUSSION

Though there are small differences between activation energies, some trends are recognized.
As shown in Figures 10 and 11, the apparent activation energies of weld metals are slightly
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higher than those of HAZs. SSRT test is assumed to be affected by both initiation and
propagation behavior, but the result of this SSRT test may depend more on initiation. The high
activation energy of weld meta indicates crack initiation at lower temperature is difficult.
Considering all these results, the initiation stage is more important than propagation stage for
evaluating the PWSCC susceptibility of materials.

As shown in Figure 12, the susceptibilities and the apparent activation energies of Alloys 82
and 132 are similar. However the susceptibility of Alloy 82 weld metal is slightly higher than
that of Alloy 132 and the apparent activation energy of Alloy 82 islower in detail. According to
this result, it seems that Alloy 82 weld metal would be dslightly more susceptible than that of
Alloy 132 at lower temperature. On the other hand, in resent studies, the result of reverse U-
bends and constant load tests showed that time to cracking in Alloy 82 was 4 to 10 times higher
than that in Alloy 182.* There are some differences between materials Alloys 82 and 132 on this
study and the Alloy 182 used in previous studies with respect to chemical composition,
mechanical properties, weld method and weld heat. It is the subject for a future study to
determine how these factors affect the PWSCC behavior of Alloys 82, 132 and 182. More
studies, which can reveal the difference in PWSCC initiation such as constant load test, are
needed.

As shown in Figure 13, the susceptibilities and activation energies of HAZs welded by Alloys
82 and 132 are similar in spite of the difference of welding pass schedule, weld method and grain
size. It seems that PWSCC behavior of HAZ depends on the base metal more than welding
condition.

CONCLUSIONS

(1) The susceptibilities and the apparent activation energies of Alloys 82 and 132 are almost
same.

(2) Weld metal has about 30 kJ/mol higher activation energy than that of HAZ. Therefore,
weld metal may be more resistant to crack initiation at |lower temperature than the HAZ.

(3) PWSCC behavior of HAZ are close to the base meta more than weld metal. They are
similar in different welding conditions.
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TABLE 1
CHEMICAL COMPOSITION, MECHANICAL PROPERTIES,
NUMBER OF WELD PASS AND HEAT INPUT OF TEST MATERIALS

(Wt%)

Materid C S Mn P S Ni Cr Fe Cu Nb

Alloy82 | 0017 | 026 | 254 | 0.006 | 0.001 | 729 | 1795 | 3.72 | 0.01 | 1.93

Alloy 132 | 0.030 | 0.30 | 2.10 | 0.009 | 0.002 | 715 | 1540 | 850 | 0.01 | 1.88
BaseMeta | 0.030 | 0.27 | 0.29 | 0.010 | 0.001 | 72.9 | 16.20 - 0.05 -

* Tiisincluded 0.20% in base metal.

Material Breakdown dtrength 0.2% | Tensile strength | Welding pass Heat input
Alloy 82 306 MPa 625 MPa 4 t?mes 10.1 kJ/cm
266 MPa 589 MPa 4 times 14.9 kJcm
Alloy 132 229 MPa 563 MPa 2 t?mes 10.1 kJ/cm
200 MPa 534 MPa 2times 14.9 kJcm

UL el

i
NS
V%
(@) Alloy 82
(gas tungsten arc welding)

1 Imm

WY o

(b) Alloy 132
(shielded metal arc welding)

FIGURE 1 - Welding Process and the Part  FIGURE 2 - Specimens Used in the Accelerated

of Specimens of welded metal SSRT test Method
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FIGURE 5 - SEM microphotograph of the fractured surface
of Alloy 82 weld metal of the SSRT test specimen (Temp.: 360 °C)
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500um
FIGURE 6 - SEM microphotograph of the fractured surface
of Alloy 132 weld metal of the SSRT test specimen (Temp.: 360 °C)

FIGURE 7 - SEM microphotograph of the fractured surface of HAZ
welded by Alloy 82 of the SSRT test specimen (Temp.: 360 °C)
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FIGURE 8 - SEM microphotograph of the fractured surface of HAZ
welded by Alloy 132 of the SSRT test specimen (Temp.: 360 °C)

FIGURE 9 - SEM microphotograph of the fractured surface of Alloy 600
base metal of the SSRT test specimen (Temp.: 360 °C)
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Experimental and Numerical Approaches for Characterizing the
Crack Growth Rate of Alloy 600 in PWR Primary Water and

Lifetime Prediction for Welded Structures

T. Shoji, Z.P. Lu and Q.J. Peng
Fracture Research Institute, Tohoku University, Sendai 980-8579, Japan

ABSTRACT

In order to evaluate the lifetime of vessel head penetrations (VHP) in PWR, it is critical to fully
understand the crack growth behavior of Ni-based alloys such as alloy 600 and alloy 182, taking
into account the effects of temperature, the degree of cold work or warm work, and the stress
intensity factor, K. Also, in order to predict the crack growth behavior of those alloys near a HAZ or
of weld metal subjected to weld residual stress, the variation of K with crack growth, in other words,
the effects of changes of K with time, dK/dt, on crack growth rates should be carefully examined.
The model proposed by T. Shoji et al suggests changes in crack growth rate as a function of dK/dt.
Especially, the crack growth behavior caused by negative dK/dt that occurs when a crack grows in
an area of compressive residual stress is well recognized in SCC incidences such as VHP cracking
in PWR plants.

In this work, the implications derived from a crack growth model based upon oxidation kinetics
and crack tip strain rate in both BWR and PWR environments will be described. The significant
effects of yield strength and of dK/dt on da/dt versus K diagrams will be demonstrated by numerical
analysis based upon a theoretical equation.

First, the significance of yield strength for crack growth enhancement will be demonstrated by
numerical analysis and by the experimental data available in the literature on alloy 600 of various
yield strengths. The dependence of crack growth rate on the logarithmic value of K will be
emphasized. The proposed growth curves will be compared to existing crack growth curves.

Second, crack growth rate diagrams calculated for the condition of positive dK/dt show
significantly higher growth rates than those under negative dK/dt. Therefore, significant reduction
in crack growth rate would be expected at certain K values that are higher than Kscc. Consideration
of these characteristics will give significant differences in lifetime predictions for cases when a SCC
crack propagates into a weld’s compressive residual stress field. Similar situations of crack growth
under weld residual stress fields can be seen in Core Shroud cracking and recirculation pipe
cracking in BWR. A brief analysis will be made on these issues based upon the numerical analysis.

In order to better predict the lifetime of welded components subjected to SCC, experimental
verification of such crack growth behavior would be highly recommended.
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1. Introduction

Nickel-based alloys are widely used as structural materials in nuclear power plants.
Environmentally assisted cracking (EAC) of these materials is one of the limiting factors of the life
time of water-coolant nuclear reactors. IGSCC of steam generator (SG) tubes occurred in the mid-
1970s and became a main cause of failure of SG tubes in the 1980s in Pressurized Water Reactors
(PWR). Primary water stress corrosion cracking (PWSCC) of Vessel Head Penetrations (VHP)
fabricated from alloy 600 materials was first observed in the early 1990s in French PWRs and has
since then become a generic problem for alloy 600 components in PWR plants. In recent years
PWSCC of VHP of alloy 600 has also occurred in other countries.!" SCC of compatible nickel-
based weld metals such as alloy 182 has also occurred in recent years. In order to evaluate the
remaining lifetime of vessel head penetrations (VHP) in PWR, it is critical to fully understand the
crack growth behavior of Ni-based alloys such as alloy 600 and alloy 182, taking into account the
effects of material variability, temperature, degree of cold work or warm work, and stress intensity
factor, K. Also, in order to predict the crack growth behavior of those alloys near a HAZ or of weld
metal subjected to weld residual stress, the effects of the variation of K with crack growth, in other
words, the effects of changes of K with time, dK/dt, on crack growth rates should be carefully
examined.

Since multiple factors, such as material, environmental, and mechanical factors, are involved in
EAC processes, and their interactions are complex, the PWSCC mechanism is still a controversy,
even though progress has been made every year. Although much CGR data have been generated in
the laboratory, there is still much demand for prediction of PWSCC failures of nickel base alloy
components in PWR plants based on a definite mechanism and on deterministic CGR models,
because of testing ability, data quality, enormous combinations of real plant conditions, etc.
Elucidating the EAC mechanism and developing practical life prediction technologies based on
CGR formulation are top priorities. Several CGR models have been proposed, although there are
some ambiguities in the quantitative formulation of crack tip mechanics represented by the crack tip
strain rate and its synegism with different modes of crack tip oxidation.

A generalized CGR formulation, based on a deformation/ oxidation mechanism and on a
theoretical crack tip strain rate equation derived by T. Shoji et al ©!, is proposed in this paper. The
formulation is used to quantify the crack growth behavior of austenitic alloys in both BWR and

PWR environments, emphasizing the interaction between crack tip oxidation and crack tip
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mechanics. This paper will mainly discuss the effects of K, YS, and dK/dt at different temperatures,

emphasizing the deformation/oxidation interaction at the crack tip.

2. Literature Survey - Existing Crack Growth Data and Significant Parameters for Alloy 600

in PWR Primary Water

Laboratory results showed that many factors affect PWSCC of alloy 600. Material chemistry
and microstructure, such as the fraction of Coincidence Site Lattice Boundaries (CSLB), coverage
fraction and distribution of grain boundary carbides, temperature, stress intensity factor (K), yield
strength (YS), loading pattern and dK/dt, are found to have significant effects on the PWSCC CGR
of alloy 600. Crack growth rates of alloy 600 thick-plate materials from tests with fracture
mechanics specimens in simulated PWR environments from several reference papers [4-11] are
summarized in Figure 1. The CGR data from real PWR plants, EDF data''"! and Cook 2 data, ' are
shown in Figure 1, along with experimental data. The da/dt data are plotted against the stress

intensity factor, K.
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Figure 1 shows that CGR data show much scatter at similar temperatures and K values. The
wide spectrum of CGRs may be caused by factors other than K and temperature, such as variability
in materials, mechanical properties, loading patterns, and test environments.

It has long been recognized that material variability originating from different material
chemistry and heat treatments, such as carbide content and distribution or fraction of Coincidence
Site Lattice Boundaries (CSLB) has an enormous effect on the PWSCC CGR of alloy 600. 21314
French PWR operating experience showed a maximum change in CGR by a factor of 20 due to
material variability.'" It has been found that grain boundary carbides improve PWSCC resistance
while intragranular carbides reduce PWSCC resistance. ["'* Increasing the fraction of CSLB and
low angle boundaries reduces the susceptibility of alloy 600 to IGSCC in simulated PWR primary
water. ' Laboratory results also show that increasing the yield strength (YS) by cold working

(4891 The effect of cold work is introduced in some CGR

significantly enhances crack growth.
calculations by a multiplying factor, but the mechanism for enhanced CGR at high yield strengths is
not quite clear and is not consecutively quantified for different yield strengths. The orientation of
the material contributes significantly to CGRs for deformed materials ©".

The effect of temperature on crack growth rate for alloy 600 has been determined by CGR
results in different laboratories. It is known that SCC of alloy 600 is a thermal activation process
with a statistical activation energy of ~ 130kJ/mol for crack growth ! with actual experimental
values ranging from 100-180 kJ/mol. Besides temperature, dissolved hydrogen (DH) content has
been shown to be a significant parameter on CGR of alloy 600. "> Maximum CGR was found to
occur at a specific level of DH in proximity to the Ni/NiO oxide phase transition. Contact Electric
Resistance (CER) measurements supported such theoretical analysis ',

Much experimental data have been generated on the effects of K on CGR. This topic is of
utmost importance because K is the key parameter in most of the existing models for predicting
CGR, such as the P. Scott model, 1 EPRI MRP model, (21 and other empirical CGR equations.
Several kinds of dependencies of CGR on K were reported by different investigators with different
materials. T. Cassagne et al''”! reported a slight slope on the CGR plateau of alloy 600, WF 675
heat with K in the range of 16-40MPa.m’”. In the same paper he also reported a strong dependence
of CGR on K for HB 220 heat at 15MPa.m’> and 30MPa.m’’. R. Magdowski et al"*! reported that
CGR-K curves exhibit CGR plateau regions for WF675 heat with different percentages of cold

work. CGRs were obtained for 100mm thick double cantilever beam specimens.
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A significant dependence of CGR on K for alloy 600, heat 69, was reported by J. P. Foster et al,
using CT specimens and active loading. ' W. C. Moshier et al also reported a strong dependency of
CGR on K for alloy 600 materials with different processing orientations after cold working .

Clarifying the underlying mechanism for the different CGR-K relationships is important for the
quantification of CGR.

Cold worked layers and resultant residual stresses may have significant effects on cracking.
Residual stresses in PWR VHPs have been estimated by C. Amzallag et al. "' Changes in YS and
changes in K due to residual stress gradients near weldments may affect crack growth behavior and
should be considered in CGR formulations for weld metals.

Laboratory data in the MRP CGR-K diagram !"* show a variability of up to 2 orders of
magnitude at similar K values. EDF plant CGR data show a plateau behavior in the CGR-K
diagrams. "% Data scattering was shown in CGR-K diagrams for both experimental data and plant

data, implying that parameters other than K might have significant effects.

3. Description of the FRI Generalized CGR model and Sensitivity Analyses
3.1 General Description of SCC Processes for Materials in High Temperature Water
Several mechanisms have been proposed for SCC crack propagation in high temperature water. "

17 81 Among these mechanisms, the following sub-processes can generally be considered to be
common to all kinds of EAC crack propagation in high temperature water:

(a) Degradation of the protective surface film at the crack tip by straining or chemical attack.

(b) Enhanced oxidation reaction of the crack tip material.

(c) Formation or growth (recovery) of the protective film.

A schematic of the general processes for EAC of materials in high temperature water is shown
in Figure 2. Where i, is bare surface oxidation current density, i, is passive current density, “t,” is
the time for the onset of current decay, t, is the time for the onset of steady passivation, and t; is the

period of crack tip film degradation.
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time

Figure 2. Schematic of the general sub-processes for EAC propagation

Crack growth rate can be expressed by Faraday’s equation, Equation (1), as shown as below:
=—= (—) (Qf . 1)
Z
where Qf is the total oxidation charge during a period of film degradation (tf), M is atomic weight,

p is density, z is change in charge due to the oxidation process, ' is the degradation strain of the

protective film, and “« is the crack tip strain rate. There are,

=§ijQi ®)
Q) =1, (3)
Q, = J‘::i(t)dt 4
Qu =1t —t) (5)

where Q; is the oxidation charge during stage I, the bare surface oxidation period; Qy is the

oxidation charge for stage II, the protective film recovery period; and Qyy is the oxidation charge in

stage III, the passive state. It should be noted that the parameters in Equations (1)-(5) refer to the

values at the crack tip that is subject to local stress/and strain. Several types of material/

environment/mechanics interactions at the crack tip can be classified as follows:
(a) QQr*, is a stress/strain enhanced dissolution type interaction,

(b) Qi>Qu*, is a stress/strain retarded repassivation type, through enhanced dissolution or
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accelerated oxidation in the presence of a stress/strain field,

(c) Qu>Qu*, is a stress/strain assisted oxidation type,
where superscript * means the condition without stress or strain.

EAC propagation is the result of one interaction or a combination of some of the above
interactions. Different modes of EAC can be expressed by Figure 2 through different combinations
of time constants and velocity constants (i) in each sub-process. Combinations of crack tip materials,
crack tip mechanics, and crack tip chemistry and electrochemistry related to the bulk water
chemistry will result in different combinations of time constants and reaction rate parameters in the
general EAC processes described in Figure 2.

In simulated BWR normal water chemistry (NWC), high ECP values were observed for
austenitic alloys such as stainless steel and nickel base alloys. Although it is postulated that the
dissolved oxygen is fully consumed within the crack, it is plausible to assume that the crack tip
potential in NWC would be more positive than that in hydrogenated water chemistry (HWC).
Different crack tip electrochemical conditions will result in different crack tip oxidation kinetics. It
is postulated that the bare surface current density after degradation of the protective film in NWC
would be higher than that in de-aerated environments.

In PWR primary water, ECP is rather low and is not far from the equilibrium lines of H,/H,0O or
Ni/NiO reactions. The crack tip potential should be close to this value. It is expected that the bare
surface current density would not be as high as that in NWC. The resultant cracking behavior and
related controlling factors would be different, although the basic mechanism might be similar.

Assuming the protective film recovery transient process (sub-process II) contributes mainly to
Q: and proceeds through solid state diffusion, Wagner’s theory of oxidation, Equation (6), can be

used to delineate the transient oxidation rate in terms of oxidation current density i(t)!"",
SN e L+-05
it)=k, -t (6)

where k,, is the parabolic rate constant.

The deviation from Wagner’s law for some metal/and environment combinations can be
explained by a change of film composition with time as well as by a decrease in the number of
preferential diffusion paths (ex. grain boundaries) occurring with grain growth at high temperature.
(201 The deviation of m from the value of 0.5 in Equation (6) can also be explained by the diffusion

coefficient’s being time-dependent due to relaxation of vacancy concentration. *'! Two reasons for
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this time dependency were assumed: formation of divacancies and annihilation of vacancies at
structural defects. If these processes are very fast or if vacancies are not injected, the rate constant
determined by the diffusion coefficient is independent of the electrode potential, and m=0.5. Instead,
during dissolution of alloys the rate constant is often found to change with the electrode potential.
The case 0.5<m<1 corresponding to a time-dependent vacancy concentration was observed.

Then, a general equation for oxidation rate can be as follows:
it =k, -t )

where k,, is an oxidation rate constant, and m is the slope of the oxidation rate decay curve.

Equation (7) is similar to the equation proposed by Heusler, Equation (8), for anodic dissolution
[7]

i(t) = kg -t7" @

where kq is an anodic dissolution rate constant.

governed by a solid state diffusion process

Kinetic Equations (7) or (8) can be used to describe both the dissolution transient process and the
oxidation transient process after degradation of the protective film.

For example, if,
- -m
m=lo Ly O
Equation (8) becomes the familiar form, Equation (10):
. . t .
H(t) = 1,(—) (10)
t,

Equation (10) has been used in some CGR calculations. !

3.2 Theoretical Formulation of Crack Tip Strain Rate (CTSR) and Validation by 3D-FEM
The importance of dynamic deformation in SCC is widely recognized *!. The theoretical plastic
strain distribution at a crack tip along the crack line for a growing crack in an elastic plastic strain

hardening material was given by Gao et al ™! and confirmed experimentally by Gerberich ! et al.

A n
£y = (%)““(T)] =R

where g is the plastic strain at the crack tip[JA is generally assumed to be equivalent to the

316



plastic zone (R,=M(K/c,)*), B and X are dimensionless constants, O and E are yield strength and

elastic modulus, respectively, ‘r’ is the distance from a growing crack-tip (not a stationary crack-tip),

and n is the strain hardening exponent as defined by Gao et al in Equation (12).

(=) for o<o,
e={E

(%)+C~(O‘—6y )" for o>c

' (12)

n

P ﬂ(?){ln[(f)(‘(ﬂ}"
7 (13)

y

Gao’s equation, Equation (13), was derived under the assumption of constant crack growth and
constant K for plane strain conditions.

Results of 3D FEM analysis on a compact tension (CT) specimen, as shown in Figure 3, show
that the calculated crack-tip strain distribution at a growing crack tip has good agreement with the
theoretical logarithmic singularity. ** This confirmation by 3D-FEM of the appropriate strain
distribution can provide a general basis for the analysis of stress and strain beyond small scale
yielding conditions, where crack-tip strain and strain rate at the crack tip can be evaluated under
conditions of small crack size, small ligament, and thin tubing. Work hardening can maintain a
crack tip strain field under conditions beyond small scale yielding for ASTM criteria similar to
small scale yielding conditions. Therefore, K can be used at higher levels than that for small scale
yielding conditions. Although Gao’s equation was derived for steady crack growth under quasi-
static loading (constant K), the results of 3D-FEM analysis indicate that Gao’s equation may still be

applicable even under the loading conditions without constant crack growth rate /or constant K.
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Figure 3 Equivalent strain gradient near the crack tip under constant load conditions, n=5"*
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Based on the strain distribution ahead of a growing crack, a theoretical CTSR formulation,
Equation (14), was derived by T. Shoji ! et al by considering the incremental increase in strain due

to a change in distance ‘r’ from the crack tip and the increase in K caused by crack growth,

1

e |
Eop = POy [+ B2 g

3.3 FRI Generalized Theoretical Formulation of Crack Growth Rate

By substituting k,=io(to) ™, the general oxidation rate equation takes the form of the CGR
equation based on the Slip-Oxidation mechanism''” by F.P. Ford et al, Equation (15),

da M ity -
— = 15
dt (LHF (L—m)gT(ECt) (1

Based on the crack tip reaction kinetics and the crack tip strain rate equations, the theoretical
crack growth rate can be derived as Equation (16)°!. This equation is a unique expression for CGR
as a function of stress intensity factor created by combining a mechanism of crack growth with the
mechanics of a crack tip stress/strain field. This equation also clearly shows the synergistic terms

among the material parameters, mechanical properties, electrochemical properties and crack tip

mechanics in terms of K and dK/dt? '™,

m

1
K , |t

da_ My ) 0o Koa] e
[ L R R R A

dt z-pF-(1-m) e

(16)

The generalized FRI CGR formulation, Equation (17), can be obtained by combining Equations
(1), (4) and (16):

1
n-1

oy
da_ |, o, n. K. a0 (17)
ok A 2+ T
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where k, is an oxidation rate constant that is a function of local material chemistry, local
environmental chemistry, transient interfacial rate kinetic law, and the stress/strain state. The
general CGR formulation, Equation (17), will be used for further quantification of crack growth

behavior in high temperature water in this paper.

3.4 Sensitivity Analysis of the FRI Generalized CGR Model

Theoretically, the oxidation rate constant k, in Equation (17) can be calculated based on
electrochemical kinetics or on the oxidation rate law, if all the involved parameters are known.
Practically, it 1is difficult to know the values of all the parameters for various
material/environment/mechanics combinations, especially in cases where the applied stress/strain
might also significantly affect the oxidation rate constant, i.e., k, may also be stress/strain
dependent. Such data are often not available. One effective way is to use Equation (17) to calculate
K, values for different material/environment/load combinations with known crack growth rates, then
correlate K, values to the dominant influencing factors. In such a way, it is possible to find the
general form of k, for specific SCC systems. Then the general form can again be used for further
CGR prediction. In this paper, the deformation/oxidation interaction and its effect on CGR are
quantified with Equation (17) and the available CGR data base, emphasizing the role of yield
strength. The importance of yield strength has been realized recently from both experimental data

[249.1L23] Qensitivity analyses with Equation

and field failure experiences in PWR and BWR plants.
(17) were performed to delineate intuitively the role of yield strength and K on crack growth under
some typical combinations of other factors. By using appropriate parameters, CGR values for
different YS levels can be formulated using Equation (17), assuming a constant K condition. Some
examples of the effects of different parameters are listed in Figures (4)-(8).

Enhancement factor, R, was proposed to quantify the effects of different factors on CGR. For
example, R(YS)n, or R(YS) k, means the ratio of CGR at two yield strength levels (YS2 and YS1) for
a given M or Kk, value, respectively.

R(YS),=CGR(YS2),/CGR(YS1),, (18)
R(YS) x, =CGR(YS2) k, /CGR(YS1) K, (19)
Figure 4 shows the calculated CGR-k, curves for materials with three YS levels, assuming m

is constant in all cases. YS of 230MPa was set for as-is solution annealed materials, and YSs of

450MPa and 600MPa were set for deformed materials due to weld-shrink, fabrication cold work,
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etc. At each YS level, CGR increases with increasing values of k,. This phenomenon is well known
for many material/environment/load combinations in high temperature water. Generally higher
oxidation rates, corresponding to more oxidative environments, such as BWR NWC with high
dissolved oxygen (DO) levels and noble electrochemical potentials (ECP), will result in higher

crack growth rates.
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Figure 4 Sensitivity analysis of the effect of YS at different k, levels

(m= constant) using Equation (17)

Figure 4 shows that CGR is not proportional to k,, i.., a non-linear relationship exists
between crack propagation and crack tip oxidation rate due to the deformation/oxidation interaction,
as has been described in Equation (17). Such a non-linear relationship shows that, even crack
growth is strongly dependent on interfacial reactions, its characteristic kinetics may differ from pure
oxidation kinetics. Using only the purely interfacial reaction parameters to deduce the kinetics
factors that control CGR may lead to erroneous conclusions.

Figure 4 shows that CGR is higher for higher YS at the same K, value. This implies that, even if
the pure oxidation rate constant remains constant, CGR can change significantly from the effects of
YS on crack tip mechanics. Figure 4 also shows that the effect of YS on CGR is independent of k,,
i.e., the YS enhancement factor may be the same at different values of k,. However, this result is
based on the assumption that different YS would not change the values of m and k,. If m and K, also
change with YS, then the dependency of m and k, on YS should also be considered in the CGR

formulation.
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Figure 5 shows the calculated CGR-m curves for different values of YS, assuming that k, is a
constant. For a given YS, CGR decreases with an increase of m. This result is reasonable because a
high value of m indicates a high film recovery (or repassivation) rate, which will result in a lower
CGR if all other parameters are held constant. Figure 5 also shows that the enhancement factor (R)
for a change in YS is not constant for different values of m. R(YS)y increases with increasing m.
This trend implies that the effect of YS is more pronounced for materials with faster repassivation
(or faster film recovery) processes. For high values of m, the enhancement factor for YS can be
rather high, assuming that k, is constant. Generally an increase of m will cause a change in the
value of k,. In this regard, it is still expected that, for a given m, the enhancement caused by a

change in YS would not change much, as suggested in Figure 4.
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Figure 5. Sensitivity analysis of the effect of YS Figure 6. Sensitivity analysis of the effects of

on CGR for different values of m (k, =constant) «, or m on CGR for different values of YS

using Equation (17) using Equation (17)

The combined effects of YS, m and k, on CGR can be seen in Figure 6. For certain
combinations of m and k,, CGR increases with YS. The enhancement factor of CGR caused by a
change in K, is constant at all levels of YS, while the enhancement factor for m is less for an
increase in YS. This result shows that CGR enhancement by decreasing m (slower film recovery
process) could be more significant for materials of lower YS.

Figure 7 shows two CGR curves in terms of K. CGR plateau regions appear at high values of
K. At low values of K, CGR increases with K, and more significant effects of K are found for
materials with high YS and low n than for materials with low YS and high n. A lower K threshold is

found for the latter materials, as shown in Figure 7. This phenomenon may partly account for the
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two separate types of CGR-K relationships that were observed in the laboratory results. Lower
thresholds and stronger effects of K might be obtained for materials with lower yield strength and
higher strain hardening ability. This is consistent with the experimental results in Ref. [10], where a
stronger K-dependency was observed for materials with lower yield strength. While in another
paper, significant effects of K were also observed for highly cold worked materials with high yield
strength, implying that there might be other contributing factors. A threshold K, K¢, of ca.

0.5 . . . . . .
9MPa.m , observed in the experimental results and used in some CGR formulations, is consistent

with the estimated values of K for a given characteristic distance ‘r’ in the theoretical FRI CTSR

formulation.
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Figure 7. Calculated values of CGR as a Figure 8. Calculated CGR values with the
function of K for two materials with different FRI generalized CGR formulation, under
values of YS and strain hardening exponent n conditions of dK/dt>0, dK/dt=0, and
(Gao’s definition). dK/dt<0.

Sensitivity analysis was used to examine the effects of dK/dt on CGR. The change of K over
time can be from the crack growth itself, from residual stress at or near weldments, etc. CGR-K
diagrams for the conditions of dK/dt>0, dK/dt=0, and dK/dt <0 were obtained using the FRI
generalized CGR model. The results are shown in Figure 8. The calculated values of CGR were
found to be scattered in specific regions for negative values of dK/dt, which may have been caused
by the characteristic resistance ‘r’ of the selected values and the real size of crack tip plastic zone.

The general trend in Figure 8 shows that dK/dt has a significant effect on CGR in low K regions. A
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positive dK/dt results in a higher CGR, while a negative dK/dt results in a lower CGR, compared to
the CGR under constant K. For high values of K, all the curves are close to those under constant K.

This can be seen from the theoretical CTSR and CGR formulations, Equations (14) and (17).

4. Numerical Analysis of Experimental CGR data
In this paper, the crack growth rates of alloy 600 in simulated PWR primary or in plants will be
analyzed with the proposed FRI generalized CGR formulation and compare to some existing CGR

models, such as the Scott model, modified Scott model and EPRI MRP model.

4.1 Some K-centered CGR equations

P.M. Scott developed a CGR model, equation (20), for PWSCC CGR of alloy 600 as a function
of the stress intensity factor. "! This model was derived from published laboratory data for rather
heavily cold worked (CW) specimens of flattened steam generator tubing tested in simulated PWR
primary water at 330°C. The value of 9MPa.m”™ for the effective value of the crack growth
threshold for long cracks was based on the evidence at that time and new data tend to reinforce this
value. da/dt is used in the following equations to represent CGR. The Scott model, for CW alloy
600 at 330°C, is shown as Equation (20),

% =2.8-10"(K-9)"" (20

It was also observed that the maximum CGRs at 323°C in the plants were about one tenth as
fast as those measured in the above mentioned laboratory tests. This difference may have originated
from the effects of cold work on crack growth rate and from the small temperature difference. A
coefficient of 0.1 was introduced to produce a modified Scott model. The modified Scott model, for
non-CW alloy 600 at 330°C, is shown as Equation (21).

% =2.8-10%(K-9)" (1)

EPRI MRP!'"?! developed a screened PWSCC CGR data base of alloy 600 thick-plate materials
with 158 CGR data points from tests performed by Westinghouse, Studsvik, EDF, CEA, and
CIEMAT. The data were plotted in the form of log(CGR)-K, with CGRs adjusted to 325°C using an
activation energy of 130kJ/mol. The MPR model was based on this CGR data base and is shown as
Equation (22),
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da_ o2 koK,
1 =P (K=K (22)

In the above equations, K is in MPa.mo‘Sa T is in °K, and da/dt is in m/s. At 3250C, (x:2.67x10-12,
Kih=9MPam0-5, Q,=130kJ/mol, and B=1.16.

The effect of temperature is added to the formulations by using an activation energy of

130kJ/mol in Equations (20)-(22), then,

130000 1 1
da Ly

(a)mScott(Ta K)=2.80-10"-(K =9)"' .e[ 8314 60312 T 23)

130000, 1 1

(2 TK) =280-10 (K 9) e v @t oy

130000 1 1

(%)MRP (T.K)=2.67-10" (K ~9)"¢ g s w1 (g5

4.2 Numerical Analysis of the K-effect

Two sets of PWSCC CGR data for alloy 600 tested in different laboratories were analyzed with
the FRI generalized formulation, emphasizing the effect of K. Due to the match the size of crack tip
plastic region and the value of ‘r’ used in the formulation, effective K values, (K-9), were used in
the calculation.

One set of CGR data for alloy 600 material, heat 69 with yield strength of 274 MPa, were
reported by J. P. Foster et al, ' as shown in Figure 9. The results show a significant effect of K on
CGR. In this case, the experimental values are ca. 5 times greater than the CGR values calculated
from the modified Scot model and MRP model. Another set of data for heavily cold worked alloy
600 with high YS of 827MPa was reported by W.C. Moshier et al, ! and shown in Figure 10.
Values of CGR for this material having high YS are ca. 3.5 times greater than the values calculated
by the Scott model, and much higher than the values predicted by the modified Scott model and the
MRP model. CGR values predicted by the FRI generalized model for each material show a
proximity to the experimental values. Differences in the values of CGR between the two materials

can be partly explained by the effect of YS embedded in the FRI generalized formulation.
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There are other cases where experimental CGR-K curves show rather wide plateau regions at
high values of K. ! This is consistent with the CGR-K behavior predicted by the FRI generalized
formulation.

It has already been pointed out that determining the CGR-K relationship is vitally important for
the CGR formulation. Material properties, such as YS and strain hardening ability may contribute to
the observation of different types of CGR-K curves. More theoretical and experimental work is

needed to clarify this phenomenon.
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Figure 9 Maximum PWR SCC CGR data Figure 10 PWR SCC CGR data for cold
for alloy 600, heat 69 (YS of 274 MPa), as worked alloy 600 (YS of 827MPa) as a
a function of K at 320°C [7] and prediction function of K at 316°C [9] and predicted
of CGR by several models. values of CGR by several models.

4.3 Numerical Analysis of the Effects of YS and of Temperature

Experimental ' and predicted PWSCC CGRs for alloy 600 in simulated PWR primary water at
290, 320, and 350°C are shown in Figure 11. CGR increases significantly with increasing YS at all
temperatures. Increasing temperature significantly increases CGRs for materials of the same YS.
The apparent activation energy for crack growth (E,cgr) can be obtained with Equation (26) from
the experimental CGR data in Figure 11. The calculated values of E,cgr are ca. 151-159 kJ/mol,
relatively independent of the yield strength.

_Ea,CGR

CGR=A*e R (3

where A is a constant at a specific temperature.
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The CGR values at each temperature were formulated using Equation (17), assuming m is a
constant. Figure 11 shows that the CGR values predicted in such a way are quite close to the

experimental data. These results imply the possibility that the values of m are similar at these

temperatures.
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Figure 11. Experimental ! and predicted Figure 12 «k, values at different

temperatures calculated with the data from

CGR for alloy 600 in simulated PWR Figures 11 using equation (14).

environments at different temperatures.

Assuming a constant K, the following relationship between the apparent activation energy for
crack growth and for the crack tip oxidation can be derived from Equation ( 27 ),
Eqoxa =(1-m) E, cor 27
The calculated values of oxidation rate constants (x,) at different temperatures are shown in Fig. 9.
There is an apparent linear relationship between 1g(CGR) and (1/T). So, the activation energy for
pure oxidation, E, .4, can be calculated with Equation (28) through linear regression of the data in
Figure 12.
Ea oxid
_ 0% RT
K,=K, "¢ (28)
where &, is a constant at a specific temperature.
The calculated value of E, 4 is 47.2 kJ/mol, which is close to the value obtained with Equation
(27) using the activation energy for crack growth.
The results show that, the activation energy for crack growth can be several times higher than

that for a pure oxidation reaction at the crack tip. This implies that, when probing into CGR
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mechanisms by comparing the activation energy of CGR with the activation energy of candidate
interfacial reactions, care should be taken to consider this difference.

As shown in Figure 13, another set of CGR data for alloy 600 for various values of yield
strength ! can be modeled with the FRI generalized CGR formulation. The predicted results again
confirm the applicability of the new model to PWSCC CGR formulation.
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Figure 13. Experimental CGR™ and CGR values predicted by the FRI generalized CGR

formulation for alloy 600 in simulated PWR primary water

4.4 Numerical Analysis of the Effect of dK/dt

As stated in the sensitivity analysis, dK/dt may have a significant effect on CGR.
Experimental results related to controlling dK/dt during EAC are rarely seen. Comparing the results
from active loading tests with those from constant displacement tests may give clues to the effects
of dK/dt. In active loading tests, it is supposed that K is kept constant or increases slightly. In
constant displacement tests, K should decrease due to stress relaxation during crack propagation in
cases when crack growth rate is not high. Figure 14 shows the CGRs obtained at similar K levels
using different loading modes. CGR values obtained under active loading are higher than those
under constant displacement loading tests. The CGR ratios, defined in Equation (29), are higher
than 1.0 and can be as high as 4.8. Thus, the effects of dK/dt predicted by the FRI generalized CGR
formulation are partly demonstrated by these results. More precisely controlled tests on the effects
of dK/dt are highly required to further validate the FRI prediction and to give more relevant data for
lifetime predictions of weldments where dK/dt might be a significant factor on the crack growth.

CGR ratio=CGR(active loading)/CGR(contant displacement)  (29)
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Figure 14. CGR data from Ref. [9] for alloy 600 in simulated PWR primary water under different
loading methods. There are two kinds of active loading. Symbol ‘10m’ means active loading with

a holding time of 10 min, and symbol ‘100m’ means active loading with a holding time of 100min.

4.5 Numerical Analysis of Other Material/Environment Combinations

The primary water SCC (PWSCC) CGR data for deformed simulated grain boundary (SGB)
materials and deformed solution-annealed 304L and 316L stainless steels in simulated PWR
primary water are shown in Figure 15. **) SGB materials, with low Cr contents, and high Ni and/or
high Si contents, are designed to simulate grain boundaries of irradiated 304L stainless steels. The
crack growth rates of all materials increased with increasing YS. The line predicted by the FRI
generalized formulation shows a promising approximation to the experimental data. This result
means that this new model can be applied to calculate SCC CGR for both BWR environments and

PWR environments.
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The FRI generalized CGR formulation was also used to calculate the CGR values of alloy 600
in simulated BWR oxygenated water. ! The predicted enhancing effects of YS on CGR are quite
close to the experimental data, Figure 16. This gives another example for the applicability of the
FRI generalized CGR formulation.

5. Prediction of CGR in Weld Residual Stress Fields
5.1 Core Shroud Cracking in BWR plants

Recently many cracking incidences in core internals and primary loop recirculation pipes in
BWR plants were found by NDI [27-29], where TGSCC and IGSCC cracking occurred in base
metals and also in weld metals of 316L stainless steels without apparent sensitization. Figure 17
shows one example of the distribution of the axial residual stress distribution through the depth of
H6a in a BWR core shroud. *”? The maximum residual tensile stress exists at the surface and can be
as high as 300MPa, which is close to the yield strength of solution annealed stainless steels. At first
residual stress decreases for increasing depth, then increases after reaching a minimum value. At
certain depths, the residual stress is compressive. The corresponding K values calculated according
to API 579 are shown in Figure 18. *"' K at first increases then decreases after reaching a maximum
value at a depth of ca.l0mm. Crack growth rates were calculated using the disposition curves in
JSME S NA1-2002"%, as shown in Figure 19 and Equations (30)-(32). The resultant crack depth
versus time relationship is shown in Figure 207, High crack growth rates are expected for a period
of 4-9 years. CGR starts to decrease after ca. 9 years. This kind of crack growth behavior can be
explained based on the effects of K and dK/dt as demonstrated in the previous analysis.
Experimental demonstration of such behavior is highly recommended for more deterministic plant

life predictions.
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5.2 Vessel Head Penetration Cracking

EDF conducted an extensive in-service inspection program to determine the SCC CGRs in
vessel head penetrations fabricated from alloy 600. The results were reported by C. Amzallag et
al,"" Figure 21. CGRs measured in service in plants have been related to the stress intensity factors.
A CGR plateau region at high values of K, where CGR is relatively insensitive to K, was observed
in the CGR-K diagram obtained for vessel head penetrations. Values of CGR were found to be
scattered in the CGR-K diagram, with variations of up to almost one order of magnitude. The
calculated values with modified Scott model and MRP model at 290°C are close to the lower bound
of the plant data. The calculated values with modified Scott model and MRP model at 310°C are
near the mean values of the plant data. At the same temperature and K, CGR values calculated by
the MRP model are 17% higher than the values calculated by the modified Scott model. The CGR
values predicted with the FRI generalized CGR model are also shown in Figure 21. Two yield
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strengths, 300 MPa to represent low YS, and 700MPa to represent high YS due to weld strain or
residual stress, were used in the calculations. The residual stress distribution estimated by C.
Amzallag et al showed that the maximum residual stress in vessel head penetrations can be as high
as ca. 5S00MPa. Results show that, CGRs calculated with higher yield strength (700MPa) meet the
upper bound of the plant data, and CGRs calculated with lower yield strength (300MPa) meet the
lower bound of the plant data. One CGR from Cook 2!'%! is located near the lower bound of the EDF
data. These results imply that the uneven distribution of yield strength due to residual stress
gradients near the weldments may contribute to the scattered data in the CGR-K diagram, although

there might be other contributing factors.
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Figure 21 Plant CGR data for vessel head penetrations from EDF and Cook2, along with
values predicted by different CGR models

6. Disposition of Flaws

Both experimental and plant CGR data for alloy 600 show scattering in the CGR-K diagrams.
These results can be preliminarily quantified by the FRI generalized CGR formulation. Some K-
dependent CGR models such as the Scott model and MRP model have been used in CGR
calculation. After taking the oxidation mechanism into consideration, the crack growth rate of alloy
600 in simulated PWR primary water can be predicted in a more deterministic way by the FRI
generalized crack growth model based upon crack tip strain rate, emphasizing the effects of K, YS,

dK/dt, temperature, and strain hardening ability.
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The following characteristic features should be taken into consideration for the disposition of
flaws:

(a) Several kinds of dependence on K were observed from laboratory and plant CGR data.
Variations in mechanical properties, such as strain hardening ability, may contribute to the
variations in the types of CGR-K relationships. Clarifying these relationships is necessary for
the disposition of flaws.

(b) CGR is highly sensitive to YS, and this effect could be one of the main factors for the scatter in
the CGR data base.

(c) The time variation of K, dK/dt, during crack growth can significantly affect the CGR of
structural materials in either BWR or PWR, especially for weldments suffering from EAC.

Residual stress/stain analysis is necessary for crack growth rate formulation and lifetime prediction
of Nuclear Power Plant (NPP) components, especially for weldments.

More CGR data from well designed and controlled conditions simulating real plants are
required for the quantification of CGR in power plants, and especially for weldments where

complex stress states may have significant effects on crack initiation and growth behavior.

7. Conclusions

The FRI generalized CGR formulation was proposed and was used to predict the PWSCC crack
growth rates for alloy 600 from laboratories and from nuclear power plants. The formulation can
also be applied to predict CGRs for other material/environment combinations, such as deformed
stainless steels in simulated PWR primary water or alloy 600 in simulated BWR high temperature
pure water. The contribution of crack tip oxidation and crack tip mechanics, and their synergism to
crack growth can be quantified with this model. The significance of K and yield strength, and dK/dt
on CGR was demonstrated by numerical analysis. The results were compared to those calculated by
other CGR models, such as the Scott model and the EPRI MRP model. Good agreements of
experimental and field data with the numerical results are confirmed based on the FRI model.
Values for apparent activation energy for PWSCC CGR for alloy 600 were calculated, and the
difference from the apparent oxidation activation energy was quantified with the FRI generalized
formulation. It was pointed out that care should be taken when using the apparent activation energy
as a criterion for judging the rate controlling processes of EAC crack growth. Numerical

calculations showed that CGR under positive dK/dt was higher than that under negative dK/dt and
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apparent threshold behavior can be seen. The effect of dK/dt on CGR can be significant and rather
critical for lifetime predictions of NPP welded components such as VHPs in PWR and core shrouds
in BWR. The FRI generalized theoretical CGR model provides a deterministic way to quantify SCC
behavior, especially concerning the effects of yield strength, stress intensity factor-K and dK/dt.
Experimental verification of crack growth behavior under conditions of positive and negative dK/dt

would be highly recommended for better lifetime predictions of NPP welded components.
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HACF Model Predictions for Alloy 600 Low Potential Stress
Corrosion Cracking

Interacting Sensitivities of Crack Growth Rate to Stress Intensity
Factor, Yield Stress, Temperature, Carbon Concentration, and
Crack Growth Orientation

M. M. Hall, Jr., W. C. Moshier and D. J. Paraventi

Bechtel Bettis, Inc.

Abstract

A hydrogen-assisted creep-fracture (HACF) model is being
developed for the intergranular stress corrosion cracking (SCC) of Ni-
Cr-Fe Alloy 600 in the hydrogen-reducing, low-potential primary side
environment of a Pressurized Water Reactor (PWR). Development
of the model includes considerations of mechanical and physical
phenomena related to applied stress intensity factor, yield stress
(cold work), temperature, carbon concentration, and crack growth
orientation. Also considered are corrosion phenomena responsible
for hydrogen embrittlement of the crack tip; hydrogen evolution,
absorption, permeation and trapping within the crack tip zone. HACF
model predictions are found to be consistent with Alloy 600 crack
growth rate (CGR) data trends reported here and elsewhere in the
SCC literature. The stress intensity factor (SIF) exponent either
increases or decreases with increasing temperature, depending on
crack growth orientation relative to deformation textures introduced
by cold work. The SIF exponent decreases with increasing yield
stress; the apparent activation energy decreases with increasing
applied SIF and increasing yield stress, the magnitude of these
sensitivities depending on level of cold work and crack growth
orientation. Carbon increases the yield stress, decreases the strain
hardening and increases the apparent activation energy. The effect
of crack growth orientation is modeled as an orientation-dependent
effect of carbon on the mechanical component of the apparent
activation energy. The observation that there is a local maximum in
Alloy 600 SCC CGR for coolant-borne hydrogen concentrations in
vicinity of the Ni — NiO phase equilibrium is not treated quantitatively
here but is discussed within context of the HACF model.
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Introduction

Crack growth rate (CGR) algorithms are needed for the disposition of crack-like indications found
during inspections of reactor components. Development of high-confidence CGR disposition curves
requires high quality data that are capable of revealing SCC CGR sensitivity to engineering variables
such as temperature, applied stress intensity factor, coolant water chemistry and materials
conditions. Physically based CGR models are preferred for development of engineering data
correlations as they provide added confidence that the data have been analyzed using the best
available fundamental understanding of the mechanical, physical and corrosion phenomena
contributing to CGR.

During the past decade, Moshier' and coworkers and others®** ® have been obtaining the Alloy 600
SCC CGR data that are required for quantification of the crack growth phenomenology. During this
time, Hall® and Hall and Symons”* ® have been developing the HACF phenomenological model for
low potential SCC. In this paper we provide additional SCC CGR data and data analyses using the
HACF model to illustrate the sensitivities of Alloy 600 CGR to applied stress intensity factor, yield
stress (cold work), temperature, carbon concentration, and crack growth orientation.

The HACF Model

Past development of the HACF model and a summary of the phenomenological observations that
support a hydrogen-assisted creep-fracture crack advance mechanism are provided in a previous
publication. The essential features of the HACF model and model equations are illustrated in Figure
1. In the HACF model, crack advance occurs by the creep fracture of hydrogen-embrittled grain
boundaries. The model equations are developed assuming a steady crack-growth rate and the
quasi-static assumption that, at a fixed distance ahead of the moving crack, all processes have
reached their steady or time-averaged values. Within these assumptions, the crack tip strain rate is
constant at a distant point that moves with the crack and the crack growth rate can be expressed as
in Equations (1.a) and (1.b), Figure 1. Symbols used in equation development are found in Table I.

At the temperatures of PWR normal operation (T > 250 °C), the cathodic reduction of water
produces nascent hydrogen with a fugacity f.,, that exceeds the usual coolant-borne hydrogen
fugacity, fou. The fugacity of this corrosion-generated hydrogen is dependent on the crack tip pH
and the hydrogen overvoltage of the crack tip corrosion-oxidation reaction. The crack tip hydrogen
concentration, equation (2), is a function of both the hydrogen permeation rate as well as the crack
velocity. When the hydrogen permeation rate is greater than the Alloy 600 SCC crack velocity (for
example, for mill annealed Alloy 600 and T > 250 °C), the CGR is independent of the permeability.
In this case, the CGR equation can be simplified to obtain a power-law CGR equation, (3.a), which
is the form that is commonly assumed for empirical SCC CGR correlations. Note that we have
adopted here the logarithmic expression for stress-dependent activation enthalpy discussed by Hall
and Symons. This choice is compatible with the available analytic solutions to the crack tip stress-
strain rate problem and allows us to obtain the more customary power-law CGR equation in lieu of
the exponential-law equation of our previous publication. When the hydrogen permeability does not
exceed the crack velocity, equation (2) can be solved to obtain an equation in which CGR is
proportional to the hydrogen permeation rate. This low-temperature limiting form of the HACF
model is not discussed here.
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Table I. List of Symbols

a crack growth rate To transition temperature
a, rate constant F Faraday's constant
C hydrogen concentration Us binding energy — carbon to mobile-forest
dislocation junctions
Cgb grain boundary carbon concentration Vy hydrogen atomic volume
Co reference hydrogen concentration o constant having a value, between %2 and
2, characteristic of the hydrogen
evolution and absorption reactions
Dy hydrogen diffusivity & strain to fracture crack tip fracture zone
feor fugacity of corrosion generated €6 strain to fracture crack tip zone with
hydrogen reference hydrogen concentration ¢,
fou fugacity of coolant borne hydrogen € crack tip strain rate constant
K, applied stress intensity factor Ect crack tip strain rate
Kic critical stress intensity factor AH apparent activation enthalpy for
(toughness) corrosion processes
Kin threshold stress intensity factor [H+] 10~PH
N strain hardening exponent AHg binding energy — hydrogen to grain
boundaries
Qeor apparent activation energy assignable AH, drag-free activation enthalpy for
to corrosion processes dislocation glide
Qmech | @pparent activation energy assignable AHg hydrogen heat of solution
to mechanical processes
R gas constant K ratio of HER/HAR reaction rate
constants
re creep fracture zone radius n hydrogen overvoltage
S Sievert's Law constant Gy room temperature yield stress
T Temperature

The CGR is proportional to a hydrogen-embrittlement factor

where

y ~
Cp * _ [Nk S[HT] o (4)
Co Co
~ oaAnF v
AH= +AHg — 26,V — AHp, . 5
RT S yVH b (5)
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The stress intensity factor (SIF) exponent is given by

alna‘ _ 2N AH
" N+1RT (6)

Tn

where Kr is a normalized effective applied SIF given by

m =
dInKg

Ky = .
® K - Ky

(7)

According to Equation (6), the SIF exponent is inversely dependent on temperature and decreases
with decreasing strain hardening, N, which, for cold worked material, decreases with increasing
levels of cold work (increasing yield stress) and increasing carbon concentration, C.

In a recent publication Hall and Symons® considered the effects of carbon and dynamic strain aging
on the deformation rate behavior of Alloy 600. Results of this work suggests the following
phenomenological expression for the activation enthalpy

2
AH = AHg<1-exp| - B(In(TLJJ . (8)

T, is the temperature for which the mobile dislocation wait time is equal to the carbon diffusion time,
a condition that depends on the carbon concentration and crack growth orientation relative to
deformation textures introduced by cold work:

T, =/R (©)
In(1/C)

Usg is the thermal energy required to de-trap carbon located at the junctions between mobile and
forest dislocations. Ug is an increasing function of the orientation-dependent number density of
junctions formed between of mobile crack tip dislocations and pre-strain deformation-induced
immobile forest dislocations threading the dislocation glide planes. The drag-free activation
enthalpy, AH,, also is an increasing function of the carbon.

For temperatures in vicinity of T,, Equation (6) can be written approximately as

T

AH=AH, [1-—]. (10)

o
This linearized expression facilitates data fitting routines. Then AH has a minimumvalue atT =T,

so that the SIF exponent, Equation (4), is expected to decrease with increasing temperature for
T < T, and increase with increasing temperatures for T > T,
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The power-law HACF CGR equation can be rewritten in exponential form to emphasize that the
apparent activation energy, Q, is a sum of activation energies due to both corrosion and mechanical
processes

QE_Ria In a = Qcor + Qmec = A'.I:ll‘-l—NZN

d (1/T) "

KR,r]

1AHIn(1/KR). (11)

The mechanical activation energy (Qec ), Which is related to the SIF exponent (m, Equation (6))
has the carbon and yield stress dependencies of m plus decreases with increasing applied SIF, K.

The grain boundary hydrogen-trapping energy (AH, ) and the electrochemical Gibbs free energy of
the hydrogen evolution and absorption reactions (Qgc = anF ) make significant contributions to
AH. The trapping energy AH, depends on grain boundary carbide coverage and morphology,
which are determined by the carbon concentration and heat treatment condition of the alloy®. The
hydrogen overvoltage (n) (and therefore, Qec) depends on the predominant crack-tip corrosion-
oxidation reaction, which is a function of the Fe and Cr content of the alloy and the coolant borne
hydrogen concentration (DH,). The composition and structure of the predominate oxide phase are
sensitive functions of DH, for concentrations near the equilibrium concentration for the Ni/NiO phase
transition. Moreover, 1 increases (negatively) as the Fe and Cr contents of the oxide film increase.
The concomitant effects of dissolved hydrogen concentration on both crack tip oxide and CGR have
been reported ™.

Experimental

Alloy 600 plate material (Table II), containing 0.063 w/o C, was high temperature annealed (HTA) in
an inert atmosphere at 1075 °C for 24 hours and furnace cooled for 24 hours resulting in a grain
size of 60 to 70 um and extensive grain-boundary carbide decoration. The as-heat treated plate
was cold rolled to thickness reductions of 0 to 28.5% and room temperature yield stress of 187 MPa
to 826 MPa. Crack growth rate tests were conducted using fatigue precracked bolt-loaded 0.4T and
0.8T compact tension specimens having Short Transverse (ST) and Longitudinal Transverse (LT)
orientations'" relative to deformation texture introduced by cold work. ST and LT CGR data are
available for a yield stress of 826 MPa over a range of applied SIF factor from about 7.5 MPa Sgr-m
to 55 MPa Sgr-m. Only LT CGR data are available for the other yield stress materials and these
data were obtained over a narrow range of applied SIF having an average value of about 38.5 MPa
Sqgr-m. Periodic inspections of specimens using micro-focus X-ray imaging were used to determine
the onset of cracking and extent of crack growth. Destructive examinations post-test were used to
confirm final crack sizes. Tests were conducted in refreshed autoclaves containing deaerated pure
water; dissolved oxygen < 10 ppb, dissolved hydrogen 40-60 STP cc/kg, room temperature pH
10.2 - 10.3 and conductivity of 45 uS. Tests were conducted at 252 °C, 288 °C, 316 °C, 388 °C, and
360 °C.

Table I. Alloy Chemistry, weight percent

Ni Cr Fe C Ti P S
77 15 8 0.063 0.25 <0.005 <0.001
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Also reported here are CGR data obtained by Speidel and Magdowski?® on Alloy 600 hot rolled bar
containing 0.10 w/o carbon and having a room temperature yield stress of 474 MPa. This material
was further cold reduced by approximately 20% and 40% resulting in yield stresses of 981 MPa and
1053 MPa. The starting grain size was 20 um with predominantly intragranular carbides. Fatigue
pre-cracked, wedge-loaded, double-cantilevered beam specimens having the RL orientation were
tested in deaerated pure water in static autoclaves and SCC crack sizes were determined
destructively post-test.

Results

CGR Sensitivity to Applied Stress Intensity Factor; SIF Exponent m

Figure 2 shows the ST orientation CGR data plotted as log CGR vs. linear stress intensity factor
(SIF), where we use the normalized effective SIF, Kg. Curves drawn through the data in these
figures and the ones discussed below represent the best-fit correlations obtained using the HACF
model equations. While the log-linear plot is customary, a log-log plot, Figure 3, provides a better
visualization of the temperature dependence of the SIF exponent, m, thatis, the slopes of the curves
in Figure 3. Figure 4 shows that for crack growth in the ST orientation, m decreases with increasing
temperature from a value of 3.4 at 252 °C t0 0.12 at 360 °C. This implies (see Equations 1 and 3)
that for the ST crack growth orientation, T, > 360 °C.

Shown in Figures 5, 6 and 7 are similar plots for the LT orientation data. Note that in this case, in
contrast to the ST data, m increases with increasing temperature, from 1.6 at 252 °C to 3.8 at 360
°C. This trend with temperature implies that for the LT crack growth orientation, T, <252 °C. Figure
8 shows the effect of carbon concentration and crack growth orientation on T,. Figures 9, 10 and 11
show these plots for crack growth in the RL orientation for specimens taken from cold worked bar®®.
Note that for crack growth in the RL orientation, m increases with temperature in a manner similar to
the ST data trend. The RL data show that m also decreases with increasing yield stress. This is
consistent with the HACF model prediction that m decreases with decreasing N, which decreases
with increasing yield stress, as shown in Figure 12.

CGR Sensitivity to Temperature; Apparent Activation Energy Q

Figure 13 shows an Arrhenius plot of the ST orientation CGR data for a range of increasing applied
SIF. Figure 14 shows that the apparent activation energy, Q, derived from the curves in Figure 13,
decreases rapidly with increasing SIF, consistent with the HACF model Equation 6. Figure 15is an
Arrhenius plot of the LT orientation CGR data for increasing room temperature yield stress. Figure
16 shows that for the LT orientation, there is a smaller decrease in the apparent activation energy
with increasing yield stress. This figure also shows that the effect of yield stress on Q is larger for
crack growth in the RL orientation. Decreasing Q with increasing yield stress (decreasing strain
hardening) is consistent with the HACF model, equation (11). The lower sensitivity of Q to yield
stress for the LT orientation data, compared to the ST CGR data, is due to the smaller contribution
of Qmech to Q for the LT crack growth orientation. Figure 17 shows that the drag-free activation
enthalpy, AH,, increases with increasing carbon concentration.
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Figure 2. HACF Model Fit to HTA-ST
CGR Data. Conventional log-linear plot
emphasizes near threshold behavior.

Figure 3. HACF Model Fit to HTA-ST CGR
Data. Log-log plot emphasizes temperature
dependence of the SIF exponent.
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Figure 5. HACF Model Fit to HTA-LT
CGR Data. Significant differences exist
between LT and ST sensitivities to
applied SIF.
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DISCUSSION

Aqueous stress corrosion cracking is a complex phenomenon that has been under investigation for
over 100 years. Progress in modeling SCC has been slow due to the large number and complexity
of the processes that contribute to SCC crack advance. Thermally activated chemical and
electrochemical processes take place within the aqueous environments established in the bulk
water, the crack enclave and within the water-oxide-metal interface. As engineering materials
possess included phases of varying and interacting corrosion characteristics, and given the
possibility of a sequestered crack tip environment, the crack tip corrosion processes are the more
complex. These aqueous environments and products of the corrosion processes interact with a
structurally inhomogeneous material that is subject to complex, thermally activated mechanical and
physical processes that operate within the stress field of the crack tip zone. These interacting
processes cause embrittlement of the crack tip leading to local fracture and crack advance.

Phenomenological SCC modeling provides one means for making more rapid progress than may be
possible by development of purely fundamental models. The significant advantage provided by
phenomenological modeling is that not all process are included; only those that are judged to
contribute most significantly to crack advance. Phenomenological SCC models are developed from
observations, as opposed to being derived from a priori arguments, and mathematically describe
the observed sensitivities of the phenomenon of SCC crack growth to mechanical stress,
temperature and electrochemical potential. These sensitivities are modeled using mathematical
descriptions of the sub-processes that are judged to make greatest contribution to crack advance.
Phenomenological SCC models may reflect a significant level of fundamental and mechanistic
understanding and, by adjustment of the model fitting parameters, often can be applied more
generally to other materials undergoing SCC in different environments by the same mechanisms.
The level of confidence that can be developed in phenomenological models increases with the
number and complexity of the observable phenomena that can be explained and simultaneously
correlated. The approach strives to minimize complexity of expression but allows for increasing
complexity as added data and observations not predicted by the model become available. Model
development typically continues as long as added data expand coverage of the model variables.

The HACF model appears to describe adequately the SIF and temperature sensitivities of the Alloy
600 SCC data presented here. There are other CGR data in the literature** that demonstrate many
of these stress and temperature dependencies but have ambiguous specimen processing histories
and are thus not included in this study. Much of the remaining literature data have been obtained
using specimen geometries that do not meet the requirements for obtaining ASTM valid SCC CGR
data'® and are not included here.

The higher temperature, limiting form of the HACF model attributes the observed temperature, yield
stress, carbon concentration and crack growth orientation dependencies of the SIF exponent and
apparent activation energy to mechanical and physical processes. Although stress-dependent
corrosion processes have been proposed, the full range of observed apparent activation energies
for PWR SCC of Ni base alloys cannot be reconciled with those observed for corrosion processes.
Moreover, the observed dependence of the apparent activation energy on applied SIF and yield
stress implies a mechanical rather than an electrochemical process as the rate-determining step.
The HACF model predicts that stress-independent corrosion processes will have a major influence
on the CGR rate through the rate constant, a, .
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Morton et al.” have pointed out that activation energies are properly obtained by conducting CGR
experiments over a range of temperatures while holding the electrochemical potential (ECP) fixed.
This requirement is consistent with Equations (6) and (11) and the discussion of these equations,
above. The data reported here do not meet this requirement in that the coolant-borne hydrogen, not
the ECP was held constant. Therefore, both the SIF exponent, m, and the apparent activation
energy, Q, derived here by application of the HACF model to these data, are expected to differ from
the values obtained with ECP held constant. However, as a practical manner, constant coolant-
borne hydrogen is more representative of PWR plant operations so that the values obtained here
are more appropriate to the intended application.

Conclusions

The Alloy 600 SCC crack growth rate data presented and discussed above clearly show interacting
effects of stress and temperature on the CGR. Sensitivity to applied stress intensity factor is
dependent on temperature and yield stress and the sensitivity to temperature is dependent on the
applied stress intensity factor and yield stress. The yield stress is dependent on the alloy carbon
concentration and the amount of cold work. The magnitudes of these sensitivities are dependent on
crack growth orientation relative to deformation textures introduced by cold work. Data showing
these phenomenological behaviors are well correlated using the HACF model equations. Physically
based phenomenological models such as the HACF model provide increased confidence that
engineering data correlations used in the disposition of defect indications have been derived based
on an understanding of the mechanical, physical and corrosion phenomena contributing to SCC
crack growth.
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ABSTRACT

To investigate the primary water stress corrosion cracking (PWSCC) crack
growth rate (CGR) of nickel based alloy weld metal, many studies have been
carried out on Alloy 182 and evaluation curves have been proposed. In Japan,
Alloy 132 has been used instead of Alloy 182 from the viewpoint of hot
cracking resistance. However, no PWSCC CGR data on Alloy 132 has been
reported. In this study, we investigated the PWSCC CGR of Alloy 132 in
comparison with the literature data on Alloy 182, and evaluated the effect of
loading condition on the PWSCC CGR of Alloy 132.

We conducted SCC growth measurement tests on Alloys 132 and 82 weld
metals at 325 °C in simulated primary water. Then we examined the effects
of K value, periodic unloading interval and orientation of CT specimen on
CGR. Based on the results obtained, we consider an evaluation curve for the
CGR of Alloy 132 weld metal and recommended a test procedure of CGR.
Conclusions.

1) PWSCC CGR for Alloy 132 weld metal was remarkably affected by K
value, from 20 to 35 MPavVm.

2) The PWSCC CGR of Alloy 132 in this study was not larger than that of
Alloy 182 in the literature data.

3) The PWSCC CGR propagated along the dendrite was about 3 times
faster than that perpendicular to the dendrite.

4) The periodic unloading method is not applicable for the PWSCC CGR
measurement of nickel based alloy weld metals, to maintain a straight
crack front.

5) The effect of periodic unloading on PWSCC CGR was observed.
Periodic unloading is recommended to produce the inter-dendritic
pre-crack, but constant loading is recommend for CGR measurement
test with significant long holding time to eliminate the influence of
fatigue.
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. INTRODUCTION

In Japan, maintenance guide rule as ASME Sec.XI for allowable stress corrosion cracking (SCC) flaw
size is not established except austenitic stainless steels for BWRs. In order to complete data base for the
maintenance guide rule for allowable SCC flaw size, the Japanese national project on SCC crack growth
rate (CGR) measurement test program on the Alloy 600 and its weld metals of Ni based alloys for
PWRs and BWRs has been started from April 2000. Before starting this project, authors have checked
the propriety and applicability of periodic unloading method for the primary water stress corrosion
cracking (PWSCC) CGR measurement test.

In western PWR plants, Alloy 182 is used for shielded metal arc welding (SMAW) method to Alloy
600 at the boundary of the reactor pressure vessel. In Japanese PWR plants, NIC 70A (trade name) was
used for different welding method as the SMAW and consideration of resistance of hot cracking. The
difference welding method means the difference of welding electric current as direct current for Alloy 182
or alternating current for NIC 70A. This welding material is nearly the same as Alloy 132 in AWS.

Alloy 82 is used for tungsten inert gas (TIG) or metal inert gas (MIG) or metal active gas (MAG)
welding method.

Chemical compositions of Alloys 182, 132 and 82 are 67%Ni-15Cr%-8%Fe-7%Mn-1.8%Nb-0.5%Ti,
70%Ni-15%Cr-9%Fe-1%Mn-2.5%Nb, and 71%Ni-20%Cr-2%Fe-3%Mn-2.5%Nb-0.5%Ti, respectively.
The chromium content of Alloy 82 is about 5% higher than that of Alloys 182 and 132. But, efficiency
about the stabilization of solute carbon based upon niobium and titanium content is higher than that of
Alloys 182 and 132.

The effect of chemical composition on the PWSCC susceptibility for Ni-Cr-Fe alloy as Alloy 600 is
reported as follows;

The PWSCC susceptibility decreases with an increase of chromium content for Ni-Cr-Fe alloy, as shown
in Figure 1? This reason is thought that the anodic dissolution of Ni-Cr-Fe alloy shall be restrained and also
grain boundary chromium carbide as MyCg must be dominant, with increasing of chromium content. O The
PWSCC susceptibility increases by the addition of niobium for Alloy 600, as shown in Figure 2?  This
reason is thought that the chromium carbide as M»;Cq hardly precipitate due to the niobium addition for the
Alloy 600, because the niobium stabilizes the solute carbon as the NbC carbides. ® The effect of titanium
addition on the PWSCC susceptibility for Alloy 600 is not reported, but the stabilizing effect of titanium
addition is basically same as niobium addition for Alloy 600. So, it can be easily estimated that the PWSCC
susceptibility increases by the addition of titanium for Alloy 600. From the view point of efficiency about the
stabilization of solute carbon, weight percentages of niobium has the same efficiency as the twice of the
weight percentages of titanium, because the mass of niobium is about twice of that of titanium.

Therefore, the PWSCC susceptibility of Alloy 82 may be not so low.

The chromium content and efficiency about the stabilization of solute carbon based upon niobium and
titanium content of Alloy 132 are basically same as them of Alloy 182. Therefore, the PWSCC susceptibility
of Alloy 132 shall be same as that of Alloy 182.

In this study, we compared the PWSCC crack growth rate (PWSCC CGR) of Alloy 132 with the PWSCC
CGR literature data on Alloy 182.%**>®"¥ We summarize this test and recommend PWSCC CGR
measurement test techniques.
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Il. TEST METHODS

IILA. Material

A dissimilar metal welding model for the first stage of Japanese domestic PWR pressure vessels (PV)
was manufactured by the shielded metal arc welding rod Alloy 132, as shown in Figure 3. That is, the
dissimilar metal welding between type 316 austenitic stainless steel and SAS08 cl.2 steel was performed
by the shielded metal arc welding rod of Alloy 132 after the buttering of Alloy 82 on the SA 508 cl.2 steel.

The welding direction of the shielded metal arc welding by Alloy 132 is perpendicular to the cross
section in Figure 3.

The specimens of Alloy 82 welded metal for PWSCC CGR measurement test were taken from the
deposited metal coupon, as shown in Figure 4.

The post weld heat treatment was not conducted after the shielded metal arc welding in this model. All
the specimens for PWSCC CGR measurement test were taken from Alloys 132 and 82 welded metals of
this model.

The chemical composition and tensile properties of the Alloy 132 welded metal of this model are shown
in Tables 1 and 2, respectively. The specification of the chemical compositions for Alloys 132 and 182 are
also shown in Table 1. Alloy 182 contains titanium and niobium, but Alloy 132 does not contain titanium.

II.B  Testspecimen

1/2 TCT specimens were machined from the above Alloy 132 weld metal in accordance with ASTM
standards E 399 as shown in Figure 5.

The specimen orientations are LS and TS when SCC propagation direction is along the dendrite, and LT
when SCC propagation direction is perpendicular to the dendrite as shown in Figure 6. The specimen LS
and LT orientations share a common crack plate, although the crack directions relative to the dendrite are
different.

These specimens were slit by electro-discharge machining (EDM) and pre-cracked by fatigue in air, prior
to SCC testing. The fatigue pre-crack was generated at a stress intensity factor range (delta K) of about 15
MPaVm , which is below 80% of K level at SCC test condition, 20 MPavVm. The pre-crack length was
controlled to about 1 mm. After introducing of fatigue pre-crack, the specimens were 10% side grooved and
washed with ultra-sonic wave cleaning system over 30 minutes in acetaldehyde to eliminate impurities.

I1.C PWSCC test methods

The schematic of the SCC test equipment is shown in Figure 7. Water chemistry was controlled in the
controlling tank. The water was pressurized by the high-pressure pump and then heated up to the test
temperature by heater. The heated water was flowed into the autoclave for the SCC tests. The water was
cooled by cooler and passed through the filter to remove contamination. The flow rate of the test water
was about 20 liters per hour. The specimens were tested in refreshed autoclaves with simulated reactor
coolant system (RCS) water chemistry of 1800ppm as boron, 3.5ppm as lithium and 30cc/STP-kg H,0
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hydrogen. Dissolved oxygen was kept less than 5 ppb to meet the water chemistry at the beginning of the
fuel cycle in typical Japanese PWRs. The water in the controlling tank was adjusted once per two weeks to
meet target water chemistry. The test temperature near the specimen was measured by thermocouples in
the auto-claves. The test temperature was controlled by the heaters located at the outside of autoclaves, to
meet within + 1 °C of the target temperature. The SCC tests were performed at 325 °C to meet the upper
boundary of the target components in Japanese PWR plants.

SCC CGR measurement tests were conducted in active loading condition with K; values of 20, 35 and
60 MPaVm based on the test data using 1/2 T CT specimens.”) The K| values of specimens for SCC CGR
measurement were calculated using the formulations in ASTM standards E 399 and E 813.

The autoclave facility loaded the specimens and measured the SCC length using the reverse direct
current (DC) potential difference technique. Figure 8 shows a schematic of the direct current potential drop
method (DC PDM) system. The system consisted of a DC power supply, DC solid-state switch, voltmeter
and computer. The specimen was electrically isolated from the auto-clave, DC current was 5 ampere and
the interval of measurement was 3 minutes. Platinum wires, which had high corrosion resistance and small
electric resistance, were used for current and voltage lead wires. It is difficult to measure accurate voltage
of DCPDM in high temperature water due to the pseudo signal of thermo-electromotive force. So,
reversed DCPDM was signal of thermo-electromotive force. So, reversed DCPDM was used to eliminate
the effect of the pseudo signal.

The SCC length was estimated from the DC potential data using the master curve. The curve, which
shows the relation between the DC potential and crack length, was obtained in air. However, the accuracy
of the DCPDM for weld metal specimens is not always good because of the non-uniform crack front. So,
the calculated crack lengths using reverse DCPDM were compared with SCC length measured by
scanning electron microscopy (SEM). The average crack depth, which was obtained with dividing the
area of SCC by the integrated length of PWSCC initiation grown from the fatigue pre-crack, was used for
CGR calculation.

The loading conditions involve maintaining a constant load during the test with an unloading and
reloading cycle of R = 0.7 (R ratio = minimum load / maximum load). The load increasing duration for
starting up was 3 minutes and the unloading / reloading as periodic unloading was accomplished during 5
seconds, after each holding time of constant loading.

Il.  TEST RESULTS
The results of CGR measurement test are summarized in Table 3. Figure 9 shows the correlation
between the K value and PWSCC CGR for Alloys 132, 82 and 182 weld metals. The testing parameters
are the K value and orientation of the specimens, as TS and LS.

I11.A The effect of K value on the PWSCC CGR

In the PWSCC CGR measurement test for the initial K value of 20 MPaVm, the PWSCC did not grow
from the fatigue pre-crack in the specimens, during 1000 hours of SCC tests. Figure 10 shows the results

354



of crack length estimated from PDM signal versus testing time for the TS specimen. Vertical axis shows
the crack length estimated from PDM signal. Constant loading was applied to these specimens from the
starting point to 200 hours. But, the PDM signal was not changed during 200 hours testing. So, the
periodic unloading technique, which R was 0.7 and holding time was 9000 sec, was applied to these
specimens after constant load testing during 200 hours. However, the changing of PDM signal as growth
of PWSCC was not observed during 1000 hours. Also, no IGSCC was observed at post-test destructive
examination. The estimated CGRs of these specimens were evaluated less than 5.6 x 10™* (m / s), based
on 0.02 mm as the detection limit of SCC growth by PDM.

In the PWSCC CGR measurement test for the initial K value of 35 MPavm, the PWSCC was grown
from the fatigue pre-crack in the specimens under the periodic unloading condition. Figures 11 and 12
show the results of crack length estimated from PDM signal vs. testing time for the T'S and LS specimens
respectively. The vertical axis shows the crack length estimated from the PDM signal corrected based on
SEM measurements of the crack depth. The PDM signal changed as the growth of PWSCC was observed
after the initial K value of 35 MPa\m for the TS and LS specimens. The estimated CGRs of these
specimens were scattered in a two-digit range according to material conditions.

In the PWSCC CGR measurement test for the initial K value of 60 MPavm, the PWSCC was grown
from the fatigue pre-crack in the specimens under the periodic unloading condition. The estimated CGRs
of 60 MPavm  are nearly equal to those of 35 MPavm in the LS specimen.

I11.B The effect of the kind of material on the PWSCC CGR

Within the data in this study, the CGRs of Alloy 132 were revealed to be higher than the CGRs of Alloy
82 as shown in Figure 9. Compared with the same oriented specimen along the dendrite direction (LS
direction), the CGRs of Alloy 132 ([7) were accelerated by a factor larger than 2 to 8 from the CGRs of
Alloy 82 (O).

I11.C The effect of the dendrite direction on the PWSCC CGR
The CGR along the dendrite direction (LS, TS) was about 3 to 10 times larger than that perpendicular to
the dendrite direction (LT). However, no significant difference observed between the CGR along to the
same parallel to the dendrite direction (LS, TS).
I11.D Comparison of the CGRs between Alloys 182 and 600
In this study, the CGRs of Alloy 132 were basically same as the evaluated CGR curve of Alloy 182

(da/dt=1.40 x 10" (K-9)"'®) and larger than that of Alloy 600 (da/dt=2.23 x 10" (K-9)"'®) That is, the
evaluated CGR curve for Alloy 182 can be used to estimate CGRs for Alloy 132 and Alloy 82 welds.
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IIl.E Fractography

Figures 13, 14 and 15 show typical results of fractography by SEM on the fracture surface of LS and TS
specimens after testing, respectively.

On these fracture surfaces, the PWSCC was grown from the fatigue pre-crack, and the cracks were grown
along the inter-dendrite boundary. But the crack front of these inter-dendritic PWSCC (ID PWSCC) was not
uniform and the area of no ID PWSCC initiation zone was also observed at the fatigue pre-crack tip. Figure
15 shows that the crack propagation path was inter-dendrite and parallel direction for dendrite.

The average crack depth of ID PWSCC was obtained by dividing the area of SCC by specimen
thickness, as described above. The average crack depths of ID PWSCC for TS and LS specimens were 0.7
mm and 1.3 mm, respectively. D.C. potential crack growth rates for these specimens were corrected based
on these values.

Figures 16 and 17 show the fractographic features for LT specimen of Alloy 132. The PWSCC was also
observed to have grown from the fatigue pre-crack in this specimen, but the propagation path of the cracks
was complicated SCC propagated perpendicular to dendrite direction and its front was not uniform We
will continue the study regarding to the relation between SCC growth mechanism and orientation of test
specimen.

IV. DISCUSSION

The effect of periodic unloading on the PWSCC CGR of nickel based Alloy 132 weld metal in
simulated PWR primary water was evaluated based upon the above results, from the viewpoints of
maintaining a straight crack front, effect of the holding time on accelerating the SCC CGR, and reducing
the SCC incubation time.

IV.A The maintaining of the straight crack front

A straight crack front was not gained for all tested specimens of the Alloys 132 and 82 in spite of
periodic unloading. The same tendency was reported by Brown for Alloy 82.

In the PWSCC CGR measurement test with the periodic unloading technique for mother metal Alloy
600 in simulated PWR primary water, a straight crack front was reported by Andresen and Foster et al.,*'”
but in this study, a straight crack front was not obtained for weld metal Alloys 132 and 82 in simulated
PWR primary water in spite of periodic unloading. The reason for this difference seems to be the affect of
the grain size and the residual stress. That is, PWSCC susceptibility is influenced by the metallurgical state
of the grain boundaries, such as crystal direction and segregation."" In the weld metal, the metallurgical
state of the grain boundaries is complicated and residual stress remains in the weld metal after cutting the
specimens.

Future research on the effect of grain size and residual stress on the shape of PWSCC front for weld
metal is required to maintain straightening of the PWSCC crack.

IV.B The effect of the holding time on acceleration of the SCC CGR
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The relation between the holding time and PWSCC CGR for the Alloy 132 is shown in Figure 18. In the
LT orientation, CGRs at 360 and 1080 sec. holding times are about three times greater than at 9000 sec.
But CGRs at 9000 sec. holding times are comparable with those obtained under constant load. In the LS
and TS orientations, CGRs at 9000 sec. holding times is about twice greater than the constant load. The
holding time effects for LS and TS orientations are greater than LT orientation. Vaillant et al also reported
that CGRs under periodic unloading condition were greater than that under constant loading
condition."*"*' In this study, it is also estimated that the CGRs decrease with an increase of holding time,
in this range as shown in Fig. 18.

The CGR of Alloy 82 under periodic unloading condition was nearly equal under constant loading
condition, compared with that of Alloy 132. However, the CGR data of Alloy 82 is limited. Further data is
required to perform quantitative analysis on the CGR of Alloy 82.

IV.C Reducing SCC incubation time

In this study, the PWSCC CGR measurement test was performed under constant loading, and then due
to no change of the PDM signal, under periodic unloading. As a result, the PDM signal was immediately
changed after converting to periodic unloading from constant loading. The ID PWSCC pre-crack under
the periodic unloading technique is useful for shortening the incubation time for PWSCC initiation.

On the other hand, the PWSCC CGR measurement test was performed by constant loading after being
converted to periodic unloading due to no change of the PDM signal by constant loading. The PDM signal
was immediately changed after converting to periodic unloading from without periodic unloading.

EdF/CEA reported that the use of cyclic loading as a periodic unloading technique significantly
increases the CGRs."? They indicated that the CGRs depend on the yield strength level of the materials
112 and the CGRs for low susceptible materials under periodic unloading technique were three times larger
than that by constant loading, but the CGRs for the high susceptible materials under periodic unloading
technique were the same as that under constant loading,"”

It is necessary to consider not only the influence of periodic unloading but also the influence of yield
strength at PWSCC CGR.

It is suggested by these results that recommended holding times will vary for different materials and
specimen orientations. In figure 16, Alloy132 (LT orientation) and 82 are small influence of fatigue in
9000sec holding time. But Alloy132 (LS and TS orientations), SCC CGRs in 9000 sec holding time are
greater than CGRs of constant load.

Periodic unloading is recommended for producing the ID pre-crack for the PWSCC CGR measurement
test. But, the effect of periodic unloading on the real PWSCC CGR is not always well known. So, it seems
that the ID PWSCC CGR measurement test should be conducted under constant loading or trapezoidal
wave with a sufficiently long holding time to eliminate the influence of fatigue.

V. CONCLUSIONS

This study conducted CGR measurement tests on Alloys 132 and 82 under several conditions of
periodic unloading. The main conclusions are as follows:
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1)

2)

3)
4

5)

6)

7)

8)

9)

(1) PWSCC CGR for Alloy 132 welded metal was remarkably affected by K value. The PWSCC was

grown at 35 and 60 MPavmof K value, but not grown at 20MPavm of K value at 325 °C.

(2) The PWSCC CGR of Alloy 132 in this study was basically same as that of Alloy 182 reported in the

literature.

(3) The PWSCC was propagated along the dendrite, CGRs of the TS and LS specimens were about 3 to

10 times larger than that of the perpendicular direction LT specimen.

(4) The crack front of PWSCC on the fracture surface of specimens was not uniform, even under

periodic unloading.

(5) Periodic unloading is recommended for producing the ID pre-crack for the PWSCC CGR

measurement test. But, the effect of periodic unloading on the real PWSCC CGR is not always well
known. So, it seems that the ID PWSCC CGR measurement test should be conducted under constant
loading or trapezoidal wave with sufficiently long holding time to eliminate the influence of fatigue.
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Table 1 Chemical compositions of Alloy 132 and 82 weld metal

Chemical Composition (%o)
C Si Mn P S Ni Cr Ti Nb Cu | Fe
Alloy 132
. . <0.08 | <05 | 2035 <0.015 | <0.015 >68.0 13-17 - 1.540 | <05 <11
Specification
Alloy 132
004 | 022 29 0.003 0.001 71.0 14.5 - 1.85 0.02 949
Check
Alloy 182 590
. . <0.10 | <1.0 | 5.095 <0.03 <0.015 . 13-17 | <1.0 1.0-2.5 | <0.50 | <10
Specification min,
Alloy 82 67.0
. . <0.10 | <05 | 2535 <0.03 <0.015 . 18-22 | <0.75 | 2.0-3.0 | <050 | <10
Specification min.
Alloy82
004 | 025 2.86 0.005 0.001 72.87 19.03 040 244 0.03 Bal.
Check
Table 2 Tensile properties of Alloy 132 and 82 weld metal
UTS (MPa) 0.2%YS (MPa) Elongation
Alloy 132 >551 >241 >30
Test Results 608 379 45
Alloy 82 Specification >550 — >30
Test Results 678 422 46

360




o1-dre | 11-4ge . 001 PROT JURISUOD)
a8 : : L0T : — 93 LOLTY1
o1-dre | 11-4ge 00t 0006 WL, SUP[oH L 0=4 ST z8hofy
€8 o1-dI'1T | TI-d6t Sy 6v€ 'S0006 WL, SWP[OH ‘L 0= 93 LOLY1
11987 | 11-48¢ 00¢€ 'S0006 WL, SUIP[OH ‘L 0=4
Tl 001 93 LOLT1
11-4¢'8 11-9¢'8 008 SO duwiL], SWP[OH L '0=4 e
01-d6y | 11-4SC 90S 009 PROT JURISUOD)
IFILOWN | 0I-d¥y | 11-40T 90S 056 S0006 WL, SUIP[OH ‘L 0=y 93 LOLY1
69T 11-9€°8 90S 0S¢ "S0801 SwiLL, SUIP[oH L 0=y DoSCE
wddg ¢y
01-dLT | OI4dl'l 099 059 PROT JUBISUO) )
S-LOW s SL | IDoign | wddoogrd
01-d6'¢ | 01-9ST 099 008 "S0006 SWILL, SUIP[OH L 0=y 3Y/200¢=Hd
[-STeel | 01-d6'S | OI-H0Y 9'L9 (97 "S0006 WL, SUIP[OH ‘L 0=4 09 LOLT1 qdde>0a
or-drT | 1149 00T "S0006 WL SUIP[OH ‘L 0=4 ST A | zerhony
Tel 00$ P ———— 93 IDIY/1 | Arewid YMd
. o ) o )
01-d€€ | OI-dL9T 00T 0801 SwiL], SUIPOH ‘L 0=4 N—
UMOIS JON | UMOIS JON 00T PeOT JUBISUOD)
TLLOW . - 819 : — 93 LOLY1
01468 | 01-9S°S 008 0006 WL, SUIP]OH L 0= -
umoI3 JoN | umoi3 joN 002 PeOT IuBSu0))
ILLON . . - . — 0z LOLTY1
TA9S> | T1A9°S> 0001 S0006 SWLL, SUP[OH ‘L 0=4
umoI3 jJoN | umoi3oN 00T PeOTIUBSu0))
TLOW - - 96L - — 93 LOLY1
o1-dce | 01-arc 0S6 9350006 QWILL, SUP[OH L 0= oL
UMOIS JON | UMOIS JON 00T PO JUBISUOD)
I-LON . . - . — 0T LOLTY1
C1-A9°6> | 7196 0001 S0006 SWLL, SUIP[OH ‘L 0=4
S
"ON (5720 (spua) 1prep (s1) Surpeoqun) (wnedN) uon uswr Juour
. PP YOO (%) ssowsporgy/ | duy, [eLIaIA
dL AOD a1pouxd | -BUALQ | -adg | -uomAug
PaYIpOIN v DOSO] | SubsaL

159] JUSWIAINSBIW 9JBI (PMOIS JOBID 7§ Puk 7¢ [ AoV Jo Areumung ¢ 9[qer.

361



Rupture Time, h

5,000

T
0

1,000 |-

500 |-

Symbaol Feature

Ruptured
e by lGSCC

& Not Cracked

100

0 5 10 15
Cr Content, %o

Effect of Cr content on the stress
corrosion cracking resistance of
solution annealed Ni base-Cr-Fe
alloys in 360°C high temperature
water using by constant load
stress corrosion cracking test
(applied stress is 2.4 X 0.2% Proof
stress)

Alloy

Annealing Exposure Time (h)
Temp. (C) l,l].I][II \ .5’900. | I10,000

Nb Add.
Alloy 600

950

LT.Ann.
Alloy 600

—

Fig..2

—+ No Crack mm Crack

Effect of Nb addition on the sress
corrosion cracking resistance of
annealed Alloy 600 in 360°C high
temperature water, using by
prestrained U bent specimen.

362




(SA508 CI1.2)

(F316.5.8)

Thickness:70mm

Figure 3 Welding joint configuration of dissimilar metal arc welding model by Alloy 132

Figure4 Machining orientations of CT specimens from deposited metal model of TIG welding by Alloy 82
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Figure 5 Configuration of 1/2 CT specimen
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Figure 6 Terminology used for orientation of cracks in the test specimens with respect to the weld
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The Stress Corrosion Crack Growth Rate of Alloy 600 Heat Affected Zones
Exposed to High Purity Water

George A. Young, Nathan Lewis, and David S. Morton
Lockheed Martin Corporation
Schenectady, NY 12301-1072

Abstract

Grain boundary chromium carbides improve the resistance of nickel based alloys to primary
water stress corrosion cracking (PWSCC). However, thermal cycles from fusion welding can
solutionize beneficial grain boundary carbides, produce locally high residual stresses and strains,
and promote PWSCC in the heat affected zone (HAZ). The present research investigates the
crack growth rate of an A600 HAZ as a function of test temperature and of electrochemical
potential. The A600 HAZ was fabricated by depositing EN82H filler metal onto a mill-annealed
A600 plate via gas tungsten arc welding. Fracture mechanics based, stress corrosion crack
growth rate testing was performed in high purity water between 600°F and 680°F at an initial
stress intensity factor of 40 ksivin. The HAZ samples exhibited significant SCC, entirely within
the HAZ at all temperatures tested. While the HAZ samples showed the same temperature
dependence for SCC as typical A600 base material (HAZ: 29.8 + 11.2 | 959 kcal/mol vs. A600
Base: 34.7 £ 4.21 | 959 kcal/mol), the crack growth rates were ~30X faster than the A600 base
material tested at the same conditions. Similar to A600 base metal, the A600 HAZ exhibited a
maximum crack growth rate when tested near the Ni/NiO phase transition. The increased crack
growth rate of the A600 HAZ relative to the base metal is attributed to fewer intergranular
chromium rich carbides and to increased plastic strain in the HAZ.
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Background

Nickel-chromium-iron alloys such as Alloy 600 (A600) and Alloy 690 (A690) are often used in
nuclear environments due to their resistance to general corrosion, localized corrosion, and to
stress corrosion cracking (SCC). When used in deaerated primary water environments, A600
and A690 are heat treated to precipitate chromium rich carbides on the grain boundaries to
maximize the resistance of these alloys to primary water stress corrosion cracking (PWSCC). In
A600, the carbide can be Cr;Cj; or Cr3Cs, while in A690, the Cr,3Cg precipitate is most common.
However, fusion welding can solutionize grain boundary carbides and produce increased residual
tensile stresses in the HAZ [1] that may render the heat affected zone (HAZ) more susceptible to
primary water stress corrosion cracking (PWSCC) than the unaffected base metal.

Primary water SCC has been reported in commercial A600 control rod drive mechanism
(CRDM) head penetrations near the A600 / E-182 weld interface [2-6]. In the commercial
CRDM cracking, an as welded, partial penetration shielded-manual-arc-weld produces locally
high residual tensile stresses on the order of 100 ksi [1] and may solutionize intergranular
chromium carbides adjacent to the weld deposit [2]. The CRDM cracking appears to exhibit
three distinct locations of cracking: (1) from the A600 head penetration ID toward the OD [2, 3],
(2) in the E-182 J-groove weld [3, 7], and (3) near the interface of the A600 penetration OD and
the E-182 J-groove weld (i.e. near or possibly in the A600 heat affected zone) [4, 5, 8].

In spite of concerns with HAZ SCC, limited data exist for the crack growth rates of heat affected
zones. In part, this is due to the small scale of material affected, typically on the order of ~1 mm
in width for gas-tungsten-arc-welding (GTAW). Furthermore, a HAZ is not uniform in its
structure or composition since there is a temperature gradient from the edge of the fusion zone
into the base metal. Near the fusion zone, welding temperatures can solutionize precipitates,
cause local melting via constitutional liquation, induce recrystallization, and promote diffusional
segregation of alloying elements or environmental contaminants (e.g. hydrogen). Similarly,
thermal cycles from multi-pass welds or from post-weld heat treatments may cause precipitation
or elemental segregation to grain boundaries.

Given the complex thermal history of a multi-pass weldment, fabrication of a bulk HAZ sample
(typically via Gleeble methods) is a difficult task. The distance away from the fusion zone that is
of interest must be defined, since this will dictate the relevant thermal cycles. Once the distance
from the fusion zone is selected, parameters that must be defined include: (1) the peak
temperature, (2) the hold time at the peak temperature, (3) the appropriate mechanical conditions
during thermal cycles, (4) the cooling rate, (5) the thermo-mechanical effects of subsequent weld
beads and (6) the appropriate post weld heat treatment. Since there is no a priori way of
determining the precise distance away from the fusion zone that is most susceptible to SCC,
testing of simulated HAZ’s likely involves multiple samples with a range of thermal histories.

Instead of testing a simulated HAZ, the present research elected to test samples machined from
an actual weldment. The challenge of this method is to (1) precisely machine the notch of the
compact tension specimen in the HAZ and (2) to ensure that the fatigue precrack remains in the
HAZ. Once the end of the fatigue precrack is in the HAZ, it is believed that SCC will seek the
most susceptible path in terms of microstructure, microchemistry, and residual stresses and
strains. In this manner, reliable data can be obtained to characterize the growth rate of PWSCC
in HAZ’s [9, 10].
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Experimental Procedure

Materials

The compositions of the A600 and EN82H weld wire used in this study are given in Table 1.
The HAZ specimens were machined from the interface between the 3 thick A600 plate and a 3”
thick multi-pass, automatic gas-tungsten-arc-weld (GTAW). The GTAW was deposited with the
parameters given in Table 2. The weld deposit was approximately 3” high x 3.25” wide x 15”
long while the base plate was nominally 3” thick x 12” wide x 24” long. No post weld heat
treatment was employed.

Table 1. Chemical Compositions of Alloy 600 and ENS2H Filler Metal

Alloy Heat Ni Cr Fe C Mn Si Cu | Nb+Ta | Ti

A600 | 44639 76.37 | 14.74 | 7.35 | 0.071 | 0.350 | 0.31 | 0.020 - -

EN82H | YM7553 | 71.5 | 20.1 | 2.39 | 0.04 | 2.88 | 0.08 | 0.010 2.3 0.47

Table 2. Summary of Welding Parameters Used to Make the EN§2H Weld Deposit

. . . Current | Voltage | Travel Speed | Wire Feed
Filler Metal Polarity | Shielding Gas (Amps) (Volts) (in./min.) (in./min.)
0.045” dia. EN82H DCSP 95%Ar/5%H, 310 12.5 6.5 180

Stress Corrosion Testing

Compact tension (CT) specimens (1.0T) were machined from the base material and the heat
affected zone in the S-L orientation. In the HAZ samples, the notch root of the CT specimen was
in the HAZ as shown schematically in Figure 1. In order to facilitate precise location of the
notch, oversized machining blanks were polished and etched prior to machining. After
machining, the specimens were fatigue precracked approximately 100 mils beyond the machined
notch and tested in hydrogen deaerated water under constant load to determine their SCC growth
rate. The nominal conditions of the SCC testing are given in Table 3. The dissolved hydrogen
concentrations were chosen to be at an approximately constant electrochemical potential (~0 to
+10mV) relative to the Ni/NiO phase stability line. Additional details of the Ni/NiO phase
stability can be found in References [11, 12].

Table 3. Parameters Used in the High Purity Water Stress Corrosion Tests

Initial Stress
Temperature Hydrogen Approximate AECP Intensity Factor

(°F/°C) (sce/kg) from Ni/NiO (mV) (ksi M)
600/316 9 +2 40
1 -41 40
640 /338 18 +6 40
120 +56 40
680 /360 30 +6 40
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Figure 1. Schematic of the HAZ specimen and base metal specimen orientation relative to the weld
deposit. For the HAZ specimens, the notch tip lies in the HAZ. The sketch is not to scale.

"

Results and Discussion

Specimen Fabrication

For the HAZ samples, post-test inspection revealed that all of the machined notches, fatigue
precracks, and subsequent SCC were located within the HAZ. The location of a typical notch
and precrack is shown in Figure 2. For some specimens, the notch and precrack were located
closer to the EN82H weld metal. As will be shown below, it appears that in the weld
investigated, the preferred SCC plane is approximately 20 mils (~0.5 mm) from the EN82H /
A600 interface.

Heat

Affected

Zone

Figure 2. Light macrograph of the CT specimen notch and fatigue precrack. Note that the
precrack is entirely within the A600 HAZ. 8:1 Phosphoric Acid, Electrolytic Etch.
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A600 Base and A600 HAZ Crack Growth Rates

In-situ instrumentation of the crack mouth opening displacement was conducted with linear
variable displacement transducers (LVDT’s). The LVDT instrumentation was used to define the
start of crack growth. However, instrumentation was not used to determine the crack growth
rates. Since out of plane cracking and extensive crack branching were observed with the HAZ
samples (and likely bias the instrumentation) crack growth rates were calculated from visual
measurements of the crack lengths. To facilitate crack measurement, the samples were heat
tinted prior to measurement and thirty separate measurements across the CT specimen width
were used to determine the average and maximum crack lengths. The SCC test results are
summarized in Figure 3 and show that the crack growth rates for HAZ samples range between
~0.5 mils/day at 600°F to ~3.6 mils/day at 680°F. Relative to the A600 base plate (squares) the
HAZ samples (circles) crack approximately 30X faster.

10.00 680°F 640°F 600°F
S | -3
© _ : .
S B AG00 HAZ Data .
E S-L orientation _
— | Oys ~43 ksi at 75°F _
E \
~  1.00 = — — —
% - \ _
- —~2 -
e . |~30x| T~
£ L \ . _
O 0.0 = =
- = =
o C_ [ A600 Base Plate —
< B S-L Orientation |
(&) Oys ~35 ksi at 75°F
E T \ "
K =40ksiVin, ~0 to +10 mV from Ni/NiO

O o= : : : : | . —

& & & g & & & O v

oM S > S oM oM oM M S
Q Q Q Q Q Q Q \} Q

1/ Temperature (K

Figure 3. Comparison of the A600 HAZ data (blue points) with a prediction for typical high
temperature annealed A600 (i.e. the unaffected base material).
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Figure 4. Cross section of the fatigue precrack and SCC crack plane from an A600 HAZ sample at
680°F. GBT refers to the grain boundary topography.

Activation Energy Analysis

Primary water stress corrosion cracking often follows Arrhenius-type temperature dependence.
The slopes of the trend lines in Figure 3 are proportional to the apparent activation energy for
crack growth. Table 4 and Figure 5 summarize the apparent activation energy (Q.upparens) for
crack growth between the A600 base metal and the A600 HAZ. For comparison, the A600 base
metal QO was calculated at both constant dissolved hydrogen concentration in the water
(40 scey, /kgy o) using the data of Morton ez al. [11]. Comparing the data at constant potential,

the A600 HAZ material exhibits an activation energy of 29.8 + 11.2 kcal/mol, which is in good
agreement (95% confidence) of the Q4parens for SCC in low temperature annealed (LTA) A600
base metal (34.7 + 4.21 kcal/mol). Note that the HAZ data are not compared to the apparent
activation energy for the A600 base metal tested in the present study due to the limited data
available. Instead, comparison is made to a much larger dataset.

If the apparent activation energy were calculated at constant dissolved hydrogen, instead of
constant potential, the O value may be biased high. The effect of the dissolved hydrogen level
on SCC has been discussed previously by Morton et al. [11] and is shown schematically in
Figure 6. Since the crack growth rate is influenced by the proximity to the Ni/NiO phase
transition, testing to determine the “true” activation energy for crack growth should be conducted
either at constant electrochemical potential or far into the Ni metal or NiO stability regimes. As
shown by the schematic in Figure 6 at a constant hydrogen level of 40 scc/kg, crack growth rate
data above ~580°F will be biased toward faster crack growth rates relative to tests done farther
into the nickel metal stability regime. It should be stressed that Figure 6 is a schematic and the
precise location, width, and magnitude of the peak can vary with different alloys.

376



Table 4. Summary of Apparent Activation Energies: a = A, exp(— O yparen | RT )

Apparent Activation Q apparent 95%
Material Energy, Q. pparent Confidence R?
(kcal/mol) / (kJ/mol) | (kcal/mol) / (kJ/mol)
HAZ 29.8 /125 +11.2/+47.0 0.93148
LTA A600 Base N{atenal at 'Constant 347/ 145 £421/+17.6 0.86363
Electrochemical Potential
LTA" A600 Base Material at Constant
Dissolved Hydrogen (40 SCCyy, /kngO) 4217176 £425/+178 088860

“LTA = Low temperature annealed (i.e. <1850°F)

50

+ 200
45 'l'
. 180
2 J_ 95% Confidence -
‘l' 160
35
l 140
30 - 120
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r 100
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Apparent Activation Energy

LTA A600 LTA AG00 A600
Base Metal Base Metal HAZ
40 scc, kg, , Constant ECP Constant ECP

Figure 5. Comparison of the apparent activation energies for primary water SCC between
typical low temperature annealed (LTA) A600 base metal (gray) and the A600 HAZ (striped).
Note the good agreement between base metal and HAZ Q calculated at constant
electrochemical potential, while the Q from constant hydrogen concentration (40 scc/kg) is
biased high.
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Schematic lllustration of the Effect of the Ni/NiO Phase Transition
on the SCCGR of A600-type Alloys in High Purity Water
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Hydrogen
40 scc/kg

Ni/NiO Phase
Transition at
Peak

L

M
RO A OO AT NATSY

AEBETUT AT AT VA A A XA A S
A A XX \\)ﬁé&\i\

AN A XA AN

e WA gy

RN

NiO
Stability,

e
‘:“1‘;‘“‘“_‘,}' AT

Constant Potential |3,

from Ni/NiO Ni Metal
Stability

Crack Growth Rate

0.1 1

0
0 20 D ter
40 . the\Na e

520 60 20 | ration it
7% o0 70 ncen
S 8 w0 pydroge” C(gcr:.-\‘\z"“-"‘—‘2

Figure 6. Schematic illustration of the effect of the Ni/NiO phase transition on the stress corrosion
crack growth rate of A600-type alloys in high purity water. When determining the activation energy for
crack growth, testing should be done at constant potential (dashed line) or far into the Ni metal stability
regime to avoid biasing some of the data to faster crack growth rates and larger apparent activation
energies.
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HAZ Microstructure

A typical HAZ microstructure is shown in Figure 7 where the edge of the EN82H weld is on the
right and unaffected base metal is toward the left. When viewed with Nomarski differential
interference contrast illumination, the grain boundary topography is flat, indicative of little
intergranular chromium carbide precipitation. Near the SCC crack, the ASTM grain size is
approximately 3.6 or ~100 um diameter grains. While extensive secondary cracking was
observed in the HAZ, no cracking was observed in either the unaffected base metal or in the
EN82H weld metal.

The HAZ region was also investigated via transmission electron microscopy (TEM), as shown in
Figures 8, 9, and 10. In Figure 8, TEM shows that there are fine, discontinuous MC; and
M,3Cs-type carbides on many of the HAZ grain boundaries. In contrast, the unaffected A600
base metal shows extensive inter- and intra-granular M;Cs-type carbide precipitation. One likely
scenario is that the first welding pass solutionized (or partially solutionized) the M;C; carbides
while subsequent welding passes acted to precipitate the M3Cg carbides.

HAZ Microchemistry

Compositional profiles of unaffected base metal and HAZ grain boundaries show the effect of
the difference in chromium carbide structure on the near grain boundary composition (Figure 9).
The HAZ shows a much narrower Cr depleted zone, consistent with the fewer, finer Cry3Cs-type
carbides relative to the extensive Cr;Cs carbide precipitation in the base metal. The near grain
boundary chromium concentration is likely important to crack tip corrosion processes and to the
fugacity of hydrogen produced via corrosion. For example, the higher average chromium
concentration near the HAZ grain boundaries likely increases the fugacity of hydrogen produced
during the corrosion reaction 4600+ H,O (/) — (Ni,Cr, Fe)O(s) + H,(g), where Cr can substitute
into the NiO-type oxide. The types of crack tip oxides and the resultant hydrogen fugacities are
discussed elsewhere [13].

HAZ Deformation

In addition to the difference in carbide structure, TEM examination also showed that the HAZ
contained significantly more plastic strain than the unaffected base metal. Figure 10 shows TEM
micrographs between the HAZ (left) and the base metal (right). The HAZ micrographs show
both increased dislocation density and the accumulation of low angle boundaries relative to the
unaffected A600 base material. Plastic strains in the HAZ were further characterized via
microhardness and electron backscatter diffraction. A microhardness traverse (Figure 11) shows
that the hardness trend is EN82H (KHN=255) > A600 HAZ (KHN=242) > A600 Base Metal
(KHN=228).

Figure 12 shows a map of the intra-grain, plastic strains for the A600 base metal, HAZ, and the
EN82H weld adjacent to the HAZ. The base metal shows very low strains (blue) while the HAZ
and weld show significant plastic strain (green through red), in agreement with the TEM
findings. The increased strain in the HAZ is also consistent with its SCC susceptibility and its
higher strength and decreased ductility as discussed below. In Figure 12, the white points are
areas where no diffraction pattern could be determined.
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The EBSD data can also be used to quantify the amount of residual plastic strain in the HAZ [14-
18]. However, strain quantification requires a suitable calibration curve that relates the average
intra-grain misorientation or “amis” parameter to the plastic strain. Calibration curves for
annealed A600, annealed EN82H weld filler metal, and for high purity nickel are given in Figure
13. The amis parameter measurements for the unaffected base metal, the HAZ, and the EN82H
weld metal adjacent to the HAZ are 0.3° 1.5° and 1.4° respectively. These amis values
correspond to ~0% plastic strain in the base metal, ~6% in the HAZ and ~4% in the weld metal
adjacent to the HAZ.

Figure 7. Light micrograph of a HAZ SCC crack. Note the intergranular crack path and
crack branching. 8:1 phosphoric acid, Nomarski, DIC.
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- A600 HAZ

Figure 8. Transmission electron microscopy of the A600 HAZ (left) and the A600 base material
(right). Note the few M>;Cs-type carbides in the HAZ (arrows) while the unaffected base material
displays extensive inter- and intra-granular M;Cs-type carbides.
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Figure 9. Comparison of chromium depletion near unaffected base metal (solid blue points)
and the heat affected zone (open red points). The HAZ shows a much sharper Cr depleted zone,
consistent with the fewer, finer Cry;Ce-type carbides relative to the extensive Cr;Cs carbide
precipitation in the base metal.

381



A600 HAZ

A600 Base

Figure 10. Transmission electron microscopy of the A600 HAZ (left) and the A600 base material (vight).
Note the increased dislocation density and the bend contours in the HAZ while the A600 base material is

relatively strain free.
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Figure 12. Electron backscatter diffraction maps of the intra-grain strains. The A600 base
metal (left) shows very little strain while the HAZ and the near HAZ weld show significant
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Effect of Coolant Hydrogen

As discussed previously, many nickel-base alloys exhibit a maximum in SCCGR in primary
water near the Ni/NiO phase transition [11]. For wrought A600 with significant precipitation of
intergranular chromium rich carbides (typical of mill annealed A600 base metal), the SCC crack
growth rate exhibits a maximum approximately 2.8X faster than rates measured far into the
nickel metal regime as shown in Figure 14 [11]. Other nickel base alloys (X-750 Condition AH
and EN82H weld metal) show a larger effect of coolant hydrogen on the SCCGR, on the order of
8X and the maximum crack growth rate is shifted into the NiO stability regime [11]. The
available data for A600 HAZ material (circles in Figure 14) indicate that the HAZ behaves
similarly to the A600 base material with the maximum crack growth rate occurring
approximately at the Ni/NiO phase transition and with a magnitude of ~2.8X.
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Figure 14. Comparison of the effect of electrochemical potential on the crack growth rate of
A600 base material and on the A600 heat affected zone, showing almost identical response.
See reference [11] for additional information.
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Conclusions

Relative to high temperature annealed base material, A600 HAZ’s are highly susceptible
stress corrosion cracking in high purity, high temperature water. The increased susceptibility
of the HAZ is attributed to their microstructure (fewer, finer intergranular chromium
carbides) and to increased levels of plastic strain (~6% for the HAZ tested).

The apparent activation energy for SCCGR of A600 HAZ material in primary water 29.8 +
11.2 | 9s% kcal/molwhich is within experimental error of the value for typical low
temperature annealed A600 base metal (34.7 +4.21 | 959 kcal/mol).

Similar to A600 base metal, the A600 HAZ exhibits a maximum in crack growth rate near
the Ni/NiO phase transition. The maximum magnitude of the effect of electrochemical
potential on the SCC rate is estimated to be 2.8X.

When stress corrosion cracking of A600 heat affected zones is a concern, welding heat input,
inter-pass temperatures, and post weld heat treatments should be engineered to promote
intergranular chromium carbide precipitation and to minimize residual plastic strains.
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ABSTRACT

Although there has been no general agreement on the mechanism of
primary water stress corrosion cracking (PWSCC) as one of mgor
degradation modes of Ni-base alloys in pressurized water reactors
(PWR's), common postulation derived from previous studies is that the
damage to the dloy substrate can be related to mass transport
characteristics and/or repair properties of overlaid oxide film. Recently,
it was shown that the oxide film structure and PWSCC initiation time as
well as crack growth rate were systematicaly varied as a function of
hydrogen partial pressure in high temperature water, supporting the
postulation. In order to understand how the oxide film composition can
vary with water chemistry, this study was conducted to characterize
oxide films on Alloy 600 by an in-situ Raman spectroscopy. Based on
both experimental and thermodynamic prediction results, Ni/NiO
equilibrium condition was defined as a function of electrochemical
potential and temperature. The results agree well with Attanasio et
al’s data by contact electrical resistance measurements. The
anomalously high PWSCC growth rate consistently observed in the
vicinity of Ni/NiO equilibrium is then atributed to weak
thermodynamic stability of NiO. Redox-induced phase transition
between Ni metal and NiO may undermine the integrity of NiO and
enhance presumably the percolation of oxidizing environment through
the oxide film, especially along grain boundaries. The redox-induced
grain boundary oxide degradation mechanism has been postulated and
will be tested by using the in-situ Raman facility.
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INTRODUCTION

Primary water stress corrosion cracking (PWSCC) is one of major degradation
modes that have been observed to occur predominantly along grain boundaries in a Ni-
base Alloy 600 for steam generator (SG) tubes and penetration nozzles in the primary
circuit of PWR's. Such an intergranular stress corrosion cracking (IGSCC) has been
observed under specific combinations of materials and environmental conditions." The
PWSCC of Alloy 600 components is directly related with safety concerns as the root
cause of potential rupture of SG tubes or nozzle gection despite the fact that they have
relatively large safety margins. With increasing number of plants operating beyond their
design lives, rapidly growing numbers of PWSCC are observed in Ni-base components
that are critical to the plant reliability.

The PWSCC phenomenon of Alloy 600 has been extensively studied primarily to
establish empiricad models for predicting the crack initiation time and crack growth
rates for field components.”” In order to formulate more fundamental solutions, it is
necessary to understand PWSCC mechanism. Mechanistic models proposed to date are
based on slip-dissolution/oxidation?, corrosion-enhanced plasticity®, internal oxidation*®
and creep®’. Even though there is no satisfactory agreement as to the mechanism of
PWSCC, one common postulation is that the damage to the aloy substrate can be
related to mass transport characteristics, rupture and/or repair properties of overlaid
oxidefilm.

Earlier studies have shown that dissolved hydrogen concentration in high
temperature water affects the PWSCC susceptibility of nickel base aloys>®*" These
results have highlighted that the crack growth rate at a given stress intensity factor and
temperature displays a bell-shape peak in the vicinity of dissolved hydrogen
concentration that corresponds to thermodynamic equilibrium between nickel metal (Ni)
and nickel oxide (NiO), as shown in Figure 1.*° More recently, it was also shown that
the oxide film structure, PWSCC initiation time and crack growth rate were
systematically varied as a function of hydrogen partia pressure in high temperature
water.'>*? These observations are believed to constitute strong evidences that the nature
of oxide film on the surface of Alloy 600 plays akey role in the process of PWSCC.

To date, oxide film characterizations for Alloy 600 exposed to PWR water have
been made only by ex-situ methods. ****** Since domains of oxide stability changes
significantly with temperature and water chemistry, as evidenced in the case of Ni/NiO,
an in-situ examination is highly desired. The present study is aimed at a direct
characterization of the chemistry and structure of oxide film by in-situ Raman
spectroscopy under PWR primary water conditions in order to verify earlier results and
obtain basic information conducive to mechanistic understanding. In-situ Raman
spectroscopy can be conducted by analyzing oxide film properties using reflected laser
beam through a hermetically sealed window in various conditions exhibiting different
PWSCC susceptibilities The Raman system developed in this study is capable of
examining the effect of temperature, dissolved hydrogen concentration, strain and
impurity concentration on oxide film behavior at temperature of up to 350C and
pressure of up to 18 MPa Observed results were compared with thermodynamic
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calculations for the thermodynamically stable oxide phases so that meaningful
conclusions can be drawn.

EXPERIMENTAL
A. Materials for Raman Spectroscopy

The Alloy 600 used in this work for analysis of the oxide films have been produced by
Sumitomo Metals, Inc. following typical specification of a reactor pressure vessel
(RPV) head penetration nozzles in PWRs, for the EAC-J round robin test under the
auspice of the International Cooperative Group on Environmentally Assisted Cracking
(ICG-EAC). Chemical composition of Alloy 600 used in this study is given in Table 1.
The material was supplied in the condition of solution-annealed at 1050°C for 2 hours
followed by water-cooling. Its microstructure showed partially solutionized carbides
with an average grain size of about 50 um.  Alloy 600 specimens for the in-situ Raman
spectroscopy was machined by electro-discharge machining (EDM) in the form of a
disk with 7 mm diameter and 1 mm thickness. All the machined specimens were
mechanically polished down to 1um Al,O; powder, then rinsed with ethanol, and finally
with deionized water prior to installation in the high pressure cell.

To obtain reference Raman spectra, the commercia high purity powders of NiO
(99.998%), NiFe,O4(99%), Cr,05(99.998%), and NiCr,O4 (90%) were loaded on the
developed Raman system and measurements were made in room temperature and air
condition. Average particle size of high purity powder was 44um for NiO, 200 um for
NiFe,0,, 800um for Cr,Os, and 150um for NiCr,O,. Powder color was dark green for
NiO, brown for NiFe,O,4 and green for Cr,O; and NiCr,O, Powder samples were
mixed with deionized water, placed in the recess of sample holder, and finally dried to
obtain aggregate deposition on the sample holder.

B. Test Conditions

For the surface oxide formation, the Alloy 600 specimens were exposed to
simulated PWR primary water environments inside the high-pressure cell. The cell for
the in-situ observation at high temperature and pressure condition was constructed with
a custom-designed 1 liter-capacity autoclave. The cell was made of Alloy 690 and a
water-mixing tank was made of titanium. The head of a water-charging pump was made
of titanium and balls of check valves were made of sapphire. All other components
exposed to high temperature water including compression fittings and tubings were
made of Alloy 600. The nominal flow rate to the cell was maintained at 4 liters per hour
during experiments.

The cylindrical cell was machined with two penetrations in the sidewall to
accommodate optical windows for the Raman spectroscopy. The initia window
assembly, composed of 4.5 mm thick sapphire with gaskets to seal high-pressure water,
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was designed after Hurst et al.’s work.™ In this work, gaskets were made of gold-plated
Ni-base Alloy 718. Because the optical surface of the sapphire was degraded by pitting
corrosion in high temperature water during the study, a 0.25 mm thick CvD diamond
disk was placed on the water side of the sapphire window and this has greatly reduced
surface attack on the sapphire window. The Alloy 600 specimen was held in the recess
of an oxidized zirconium metal by an Alloy 718 washer with the gasket of an oxidized
zirconium sheet in order to electrically insulate the specimen for the cdll.
The Raman spectroscopy system is consisted of an excitation laser source, a
spectrometer and optical components including mirrors and filters. Figure 2 shows the
layout drawing of optical system with near backscattering geometry including optical
cell and water chemistry loop used in this work. A more detailed description for the
developed Raman system is given elsewhere.®

The chemical condition of a typical PWR primary water was used. Water with a
resistivity of 18 MQ-cm was mixed with chemicals to produce 1,000 ppm boron in the
form of boric acid (H3;BO3) and 2 ppm lithium in the form of lithium hydroxide (LiOH).
Two different levels of hydrogen concentration were prepared with corresponding
dissolved hydrogen concentrations of 2.68 ppm and 0.089 ppm (30 cm*(STP)/kg or 1
cm®(STP)/kg) at 25T, respectively, according to the solubility data'®* The operating
pressure was about 18 MPa and the temperature was increased from room temperature
to 350°C. Measurements were after stabilizing temperature at 250, 290, 320 and 350 C,
respectively. At the conclusion of experiment the cell was cooled and a specimen was
analyzed by the Raman system in room temperature air.

C. Morphology of Oxide Film on Alloy 600

Upon the completion of in-situ Raman spectroscopic measurements, the Alloy 600
specimens was removed from the cell for microstructural examinations. Figure 3 shows
the morphology of the surface oxide film observed by afield emission scanning electron
microscope (FE-SEM) after series of exposures that ended at 350°C PWR water for 110
hours. The surface oxide film is composed of a compact layer by small crystallites of
few tens of nm in diameter. Scattered crystallites of about 200 nm in diameter are
present on the compact layer.

Figure 4 shows the transmission electron micrographs on a cross-section of Alloy
600 specimen oxidized in simulated PWR water with 30 cm*(STP)/kg of dissolved
hydrogen concentration for 71 hours. The thickness of oxide film on Alloy 600 was
observed to be in the range of 12 ~ 180 nm. Compact layers and other crystalline phases
on Alloy 600 observed by TEM have the same morphology as those in the FE-SEM
micrographs of Figure 3.
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RESULTS
A. Reference Raman Spectra for High Purity Oxide Powders

The first series of experiments were conducted to obtain reference Raman spectra
on pure oxides using powder samples. Results were compared with literature data in
order to verify the developed system. The results of experiments with nickel and
chromium oxides and spinels in room temperature air environment are summarized in
Table 2. As shown in Table 2, the Raman features of the reference spectra for high
purity powders show good agreements between the measurement in this work and
literature data *®*°. Further details of resultsin this study are given elsewhere .

B. In-situ Raman observation in PWR Water with 30 cm*(STP)/kg of
Dissolved Hydrogen Concentration

To maintain the dissolved hydrogen concentration (DH,) of 30 cm*(STP)/kg in the
simulated PWR water, pure hydrogen gas was injected into the water storage tank with
the cover gas pressure of 170 kPa. Based on Henry's law, a dissolved hydrogen
concentration of 2.68 ppm is expected.” The operating pressure was about 18 MPa and
the temperature was gradually increased from room temperature to 350C at an average
rate of 40C/hour. Temperatures at which Raman spectra were collected with the
remained time length are summarized in Table 3.

Figure 5 shows the in-situ Raman spectra of Alloy 600 specimen obtained by
holding temperatures at 250, 290, 320, and 350C, respectively, while temperature
increased. Peaks observed at ca. 417 cm?, 743 cm* in the in-situ Raman spectra were
originated from the sapphire window. A feature in the range of ca. 546-587 cm™in the
spectrum acquired at 250C was known to be attributed to o-CrOOH based on Maslar
et d.’s work.” According to the explanation described in Ref. 19, [Cr'"'Og] octahedral
are common structure to both Cr,O;and o-CrOOH 2. Therefore, one might reasonably
expect the Raman wavenumbers of o-CrOOH to be observed in approximately the same
wavenumber range as those of Cr,0;, i.e., ca. 300-613 cm™,

The crystallographic structure of the Cr,Os*nH,O powder is yet unknown. The
Cr,05°nH,0 XRD pattern does not match any chromium hydrate/hydroxide reference
patterns.”® The broad XRD peaks are typica of a hydrate consisting of a mixture of
different metastable hydrates/hydroxides. This result is consistent with a report on the
Cr,05°nH,0 possessing variable water content.?? While the observed Raman peaks for
Cr,03*nH,O cannot be attributed to a particular structural characteristic, the
Cr,05nH,0 Raman spectrum illustrates that the Raman peaks of some hydrated Cr"'
oxide are observed in approximately the same wavenumber range as those of Cr,Os.
Additionally, the infrared (IR) spectrum of o-CrOOH exhibits features in this wave
number range, i.e., peaks at 525 and 610 cm™.* Therefore, the shared structural features
of Cr,0O; and o-CrOOH and the wavenumber range of the Raman features in the Cr,O;
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and Cr,05*nH,0 reference spectra are consistent with the assignment of the measured
Raman features to a-CrOOH.

Several intense peaks are also observed in the 840-880 cm™ range of spectra in
Figure 5. According to the extensive discussion by Maslar et a.*, this feature would be
attributed to Cr'' or crystaline Cr'"'/Cr¥' species assuming a chromium species is
responsible for this feature. This explanation can account for the weak signature
observed in the 340-350 cm™ range in the spectra of the specimen at 250°C . Chromium
oxide features in this wavenumber range are generally attributed to Cr"'—oxygen
terminal stretching modes or mixed Cr'"'/Cr¥' oxide vibrational modes.** Hydrated
surface chromate species have been reported to exhibit a vibrational mode at ca. 865 cm’
! % The most intense peak in the aqueous HCrO,” Raman spectrum was reported from ca.
880 to 899 cm™.?*# A number of mixed Cr"'/Cr"' oxides have been identified during the
thermal decomposition of various chromium-containing materials. Crystalline
chromium oxide compounds such as Cr3Og, Cr,Os, and XCr3Og (X = Na, K, Rb) exhibit
their most intense Raman spectral features in the ca. 820-904 cm™ range at room
temperature. The most intense Raman spectral festure of an amorphous Cr"'/Cr"'
compound has been observed at 859 cm™. In the spectra obtained at 250 C and
290 C, weak features appeared at 704 cm that were attributed to nickel ferrite spinel
(NiFeO,) features.

In the spectra obtained at 320 C, features of pure chromium oxide including o-
CrOOH, Cr"' and crystalline Cr'"'/Cr¥' compounds become weaker, while nickel oxide
features are firstly observed and become more apparent in subsequent spectra up to
350C. The features at 550 cm™ and 910 cm™ were attributed to NiO phase. Also,
features of nickel chromium spinel (NiCr,O,) were detected in this temperature range.
The features at ca. 682 cm*and 430 cm™ were attributed to NiCr,O, phase.!™® Also,
nickel oxide and nickel chromite phase were till detected on the specimen surface as
exposure time increases at 35000. The NiCr,O, is one of thermodynamically stable
phases in a reducing agueous environment with the range of hydrogen overpressure at
about 300C. A more detail study that was performed to identify thermodynamically
stable phase of nickel base alloy in high temperature water was described in ref. 28.

C. In-situ Raman observation in PWR Water with 1 cm*(STP)/kg of
Dissolved Hydrogen Concentration

To maintain the dissolved hydrogen concentration of 1 cm*(STP)/kg in water, 5%
hydrogen gas balanced with 95% helium gas was injected into the water with the
overpressure of 0.7 atm and it made a dissolved hydrogen concentration of 0.089 ppm in
this study.”® Temperatures at which Raman spectra were collected with the remained
time length are summarized in Table 3.

Figure 6 shows the in-situ Raman spectra of Alloy 600 specimen obtained at the
lower hydrogen concentration while temperature increased. A feature in ca. 546-587 cm
range in the spectrum acquired at 250°C was attributed to o-CrOOH from the same
rationale as that described earlier in the result with DH,=30 cc/kg. Also, the intense
peaks feature that would be attributed to Cr¥' or crystalline Cr"'/Cr"' species was
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observed in the 840-880 cm™ range.

As temperature increased, clear features in 550 and 910 cm*which were attributed
to nickel oxide (NiO) werefirstly appeared and became weaker in subsequent spectra up
to 350°C. After 23 hours at 350C in this condition, the features of nickel oxide phase
were still detected on the Alloy 600 specimen surface at 35001.

D. Effect of Dissolved Hydrogen Concentration Change in PWR Water

To investigate the effect of dissolved hydrogen concentration on the formation of
oxide film of Alloy 600 in high temperature water, dissolved hydrogen concentration
was increased from 1 to 30 cc/kg, immediately following the measurement at 1 cc/kg.
In-situ Raman spectroscopic measurement of Alloy 600 surfaces was made both before
and after the change of hydrogen concentration.

Figure 7 shows the change of Raman spectra with the increase of dissolved
hydrogen concentration in water at 350C. In high temperature water with 1 cc/kg of
hydrogen concentration, features of pure chromium oxide including o.-CrOOH, Cr¥' and
crystalline Cr'"'/Cr¥' compounds and nickel oxide (NiO) features were observed at the
oxide film of Alloy 600 specimen. With the increase of dissolved hydrogen
concentration, nickel chromium spinel (NiCr,O,) features were appeared in the
observed Raman spectrum.

E. Comparison between in-situ and ex-situ Raman spectra

Figure 8 represents the ex-situ Raman spectrum for the surface film on Alloy 600
specimen obtain in room temperature air after it was cooled down from high
temperature observations. Results are compared with the in-situ Raman spectrum oxide
film of Alloy 600in 350C water with DH,=30 cc/kg. As shown in Fig. 8, it can be seen
that only the intensity of a peak at ca. 870 cm* in the ex-situ spectra was weakened
comparing with that in the in-situ spectra.

According to earlier work by Gui and Devine® and Melendres et a.*, the feature
appeared at ca. 870 cm™ was known to be attributed to the total symmetric stretch
vibration of borate ions located in the water. Also, the feature appeared at this range of
wave number was known to be originated from chromium oxides, as previously
explained at the part of in-situ experimental results in this study, following the extensive
discussion in Maslar et a.’s work™. Consequently, it can be concluded that Cr-oxide
peak and borate peak coincided with each other at ~870cm™ and the intensity of the
Raman pesk at ca 870 cm™ in the ex-situ spectra was weakened by the absence of
borate ion.
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DISCUSSION
A. Observation vs. Prediction of Oxide Film Composition

Table 4 summarizes the experimental observations of surface oxide phases of Alloy
600in 350°C water in comparison with literature data®*** at each dissolved hydrogen
concentration. At higher dissolved concentration, NiFe,O, precipitates reported in ref.
10 and 30 could be made by Fe ion dissolution from high temperature flowing system
including autoclave, tubes and fitting for longer exposure time than this work. At lower
dissolved concentration, the observed oxide phases agree well with those reported in
literature.

From the viewpoint that electrochemical potential-pH diagrams can be useful in
predicting thermodynamically stable phases, thermochemical calculations can provide
very much meaningful information to explain the corrosion behavior of Alloy 600 in
high temperature water. Although the pH was not measured at high temperature and
pressure during this investigation, this value can be estimated using aqueous
thermochemical calculation softwares. In thiswork, pH values of primary water in PWR
were calculated as a function of temperature using MULTEQ®.* Electrochemical
potential value was calculated by using the Nernst equation assuming that the surface of
Alloy 600 behaves as a hydrogen electrode in the hydrogen-containing water
environment. The potential of hydrogen electrode is given as below;

Eypy (M) =E5,, (T)- 2.303%[|og f +2pH |

H*/H,
- —2.303¥[|og fo +2pH] vs.SHE(T)

Table 5 summarizes the comparison between experimental observations and
thermochemical prediction of oxide phases of Alloy 600 at each condition of
temperature and hydrogen concentration. It can be known that the consideration of
formation of chromium oxide hydroxide (CrOOH) and nickel spinels can make
differences in the thermochemical prediction results, regardless of dissolved hydrogen
concentration in 350°C water. At both conditions of dissolved hydrogen concentration,
nickel ferrite (NiFe;O,) phases that were predicted to be thermodynamicaly stable
assuming that nickel spinels can be formed in this system were not experimentally
detected. When the observed oxide phases are compared with the predicted stable
phases of Alloy 600 at 350C, all the observed oxide phases but Cr-oxides are included
in predicted stable phases. But the thermochemical predictions with CrOOH and Ni
spinels do not agree with the observed results at both hydrogen concentrations in 350°C
water. In contrast, the predicted Ni/NiO equilibrium line is in good agreement with the
observed results. This suggests that relatively simple oxide phases identified by in-situ
Raman spectroscopic investigation can be used to verify thermodynamically stable
phases.

In-situ Raman spectroscopy is shown to be a very useful experimental tool that can
provide valuable information about oxide films and the SCC behavior of Alloy 600 in
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high temperature agueous environments. In this work, dissolved hydrogen concentration
was experimentally known to play an important role on the formation of oxide films on
the Alloy 600 in high temperature water. Different compositions of oxides were
produced at different conditions of dissolved hydrogen concentration in high
temperature water.

B. Ni/NiO Equilibrium

From the results of in-situ Raman spectra measurements of Alloy 600 with the
increase of temperature, dissolved hydrogen concentration is one of the most important
experimental parameters in this study. While nickel oxide was observed at 320C or
higher at the higher hydrogen concentration, nickel oxide was observed at 290°C or
higher at the lower hydrogen concentration. To compare experimental results with
calculations, thermochemical calculations for Alloy 600 were made as a function of
temperature, as described in ref. 28. In this calculation, for simplicity, it was assumed
that nickel oxide could be produced whereas spinel oxide could not form. Figure 9
summarizes both the experimenta results of in-situ Raman observation with two
different levels of dissolved hydrogen concentration and the thermochemical calculation
of Ni/NiO equilibrium as afunction of temperature. In Figure 9, dashed line represents a
previous experimental result of nickel/nickel oxide transition using a contact electric
resistance (CER) instrument by Attanasio et a.** By comparison between this and
previous results, it can be seen that a good agreement was found between in-situ Raman
results and those from contact electrical resistance (CER) measurements on Ni/NiO
equilibrium

C. Implication to PWSCC Mechanism

Previous studies®™ showed that there exists a critica dissolved hydrogen
concentration at high temperature corresponding the maximum susceptibility of Alloy
600 to PWSCC. The present in-situ Raman spectroscopic study showed that the phase
changes between nickel metal (Ni) and nickel oxide (NiO) and the thermodynamic
equilibrium of Ni/NiO were clearly observed over relatively narrow range of dissolved
hydrogen concentration in high temperature water. Under experimental conditions in the
vicinity of Ni/NiQ, it is likely ECP can fluctuate due to uncontrollable variations in
temperature, hydrogen concentration, and water pH. Similar variation can be expected
during actua PWR operations. Therefore it is concelvable that electrochemical
condition of PWR water can cross Ni/NiO equilibrium repeatedly.

It was previously reported that oxide phase change from one to another can cause
stress-induced degradation of oxide integrity and hence is responsible for an accel erated
corrosion in zirconium aloys* and Cu® in nuclear power plants. Recently, it was
clearly demonstrated that the PWSCC sensitivity of Alloy 600 was increased in high
temperature water with dissolved hydrogen concentration corresponding to Ni/NiO
equilibrium condition.*® Considering large difference in their molar volumes, alteration
of water chemistry cross Ni/NiO can severely undermine oxide integrity due to high
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stresses involved.

From the observed PWSCC behavior, it can be postulated that repeated phase
changes between Ni metal and NiO occurs more rapidly along grain boundaries due to
faster diffusion. Consequently, degradation of oxide integrity can enhance the
percolation of oxidant preferentidly along grain boundaries to accelerate PWSCC.
The redox-induced grain boundary oxide degradation mechanism is depicted in Figure
10. To verify this postul ation, a series of PWSCC testing can be performed with cycling
of dissolved hydrogen concentration from lower (higher) DH, via DH, corresponding to
Ni/NiO equilibrium to higher (lower) DH, in high temperature water. From the
mitigation standpoint based on redox-induced oxide degradation and percolation, it may
be suggested that the dissolved hydrogen concentration in water should be controlled
more precisely and/or should be maintained at relatively lower contents far away from
Ni/NiO equilibrium condition in order to reduce PWSCC sensitivity of Alloy 600 in
nuclear power plants.

CONCLUSIONS

In-situ Raman spectroscopic investigation has been conducted for surface oxide
films on a nickel-base Alloy 600 exposed to simulated PWR primary water with 1,000
ppm boron and 2 ppm lithium at a pressure of 18 MPa, for temperatures ranging up to
350C and dissolved hydrogen concentrations ranging from 1 to 30 cc/kg in an
optically accessible high-pressure cell. From this study, following conclusions are made:
1. An in-situ Raman spectroscopic system was developed successfully to provide

valuable information for the oxide filmin PWR water conditions.

2. At the lower dissolved hydrogen concentration (1 cm®(STP)/kg), nickel oxide(NiO)
phase was detected on the specimen surface at temperature ranges between 290 and
3500. Nickel oxide phase appeared to be stable over along period of time (21 hours)
at 350 (1.

3. At the higher dissolved hydrogen concentration (30 cm®(STP)/kg), chromium oxide
hydroxide (CrOOH) phase was detected on the specimen surface at relatively low
temperature ranging from 2500J to 2900]. Also, features attributed to the phase of NiO
and NiCr,O4 were observed at 32000 or higher.

4. Some unique observations were made, compared with earlier ex-situ results;

A. CrOOH phase, undetected by ex-situ methods, was observed under most
conditions.

B. NiFe,O,4 usually found in precipitate layer was not observed, conceivably
due to the suppression of precipitate layers in this work.

5. NiO, Cr,05; and NiCr,O, phases were observed, in reasonable agreement with ex-situ
results.

6. Ni/NiO equilibrium was determined as function of dissolved hydrogen concentration
and temperature.

A. Comparison of observed results with thermodynamic predictions showed a
good agreement on Ni/NiO equilibrium at the temperature range from 250
to 350 degree C.
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B. A good agreement was found between in-situ Raman results and those
from contact electrical resistance (CER) measurements on Ni/NiO
equilibrium.

7. From the result of this study, a new postulation that redox alteration between Ni metal
and Ni can enhance oxide degradation presumably along grain boundaries and
facilitate the percolation of oxidants to accelerate. A test of the postulation is
planned using the in-situ Raman system.
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TABLE 1. Chemical Composition of Alloy 600 Used in This Study (wt.%).

Element Composition
C 0.06
Mn 0.26
Fe 831
S 0.001
Si 0.3
Cu 0.12
Ni 75.12
Cr 15.25
Al 0.16
Ti 0.36
Nb 0.04
P 0.09
B 0.02
N 0.01
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TABLE 2.
Nomina Raman Peak Wavenumbers for Oxide Powders* Measured in Room
Temperature Air Environment.

Oxide Thiswork® | Ref.A® | Ref.B°®
NiO 1,074 1,074%
910 9131
725 7271
532 535 16 490 16
400 370
NiFe0, | 702 705" | 700°
654" 655 655 '8
595 592 1
574 570 57918
492 488" 4908
460 457" 43318
Cr,05 610 613 % 585
550 552 19 554 19
528 527 ¥ 488"
352 350" 387"
302 300" 352
NiCr,0, | 687 685 686 °
616 '
585 1
550-560 554 1
513 514 17 512 18
429 430"

4The most intense peak(s) in each spectrum is underlined.
® The wavenumber of awell-resolved peak has an associated uncertainty of +2 cm™.
“The excitation laser with 647.1 nm wavel ength was used.
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TABLE 3.

Temperature and Exposure Time of Alloy 600 Specimen Prior to In-Situ Raman Spectra
Measurementsin High Temperature Water.

Total exposure time prior to

Hold time at each

DH, Temperature ) . .
. first measurement at temperature prior to first
(cc/kg) ()
temperature (h) measurement (h)
30 250 28 2
290 335 3
320 42 7
350-I 47.5 35
350-11 69.5 20.5
1 250 40 33
290 45 3
320 48 2
350-I 51 2
350-11 74 23
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TABLE 4.

Summary of Experimental Observations of Surface Oxide Phases Of Alloy 600 in
350C Water in Comparison with Literature Data at Each Dissolved Hydrogen
Concentration.

Thiswork | Soustelle™ Caron | Nakagawa™

In-situ Synchrotron XRD +
Method GDOS + EDS XPS

Raman TEM
Temperature

350 360 330 320
(°C)
Exposure
_ 70 300 1869 1000
time (hrs)
Oxide(s) at Croon C t (NiCr,0y) (Ni+Cr-rich) oxid
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TABLES.
Summary of in-situ Raman Observations and Thermochemical Predictions of Surface
Oxide Phases of Alloy 600in 350°C Water with the Assumption of Different Oxides.

Predicted at 350°C
. . . — Observed
WithNi Without Ni o
_ _ at 350°C
spingls spinels
With CrOOH CrOCOH NiO
DH,= CrOOH Ni F8204 NiO Ni CI’204
30cc/kg | Without | NiCr,0O4 NiO CrOOH
CrOOH FeCr,0O, FeCr,0, Cr-Oxide
With CrOOH CrOOH NIO
i
DH,= CrOOH NiFe,O, NiO
: : : CrOOH
lcc/kg Without | NiCr,O,  NiO i
Cr-Oxide
CrOOH FeCI’204 FeCr204
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FIGURE 1. Influence of hydrogen concentration on the crack growth rate of PWSCC in
Alloy 600 at 360°C .1
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FIGURE 3. Field emission scanning electron micrographs of oxide film on Alloy 600
after 110 hours exposure in simulated PWR water.

200 nm +

FIGURE 4. TEM micrographs of oxide film on Alloy 600 after 71 hours exposure in
simulated PWR water.
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FIGURE 5. In-situ Raman spectra obtained for Alloy 600 by holding at 250, 290, 320
and 350, respectively, during heating up to 350 C in PWR water condition with
DH,=30cc(STP)/kg.
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FIGURE 6. In-situ Raman spectra obtained for Alloy 600 by holding at 250, 290, 320
and 3507, respectively, during heating up to 350°C in PWR water condition with
DHy=1cc(STP)/Kg.
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FIGURE 7. In-situ Raman spectra obtained for Alloy 600 at 350C in PWR water asthe
DH, in water was increased from 1 to 30 cc/kg.
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Results of Accelerated SCC Testing of Alloy 82, Alloy 182 and
Alloy 52M Weld Metals

R. J. Jacko, R. E. Gold, G. V. Rao,
Westinghouse Electric Company LLC
K. Koyama, Mitsubishi Heavy Industries, Ltd.
A. Kroes, Westinghouse Electric Europe

SUMMARY

Accelerated stress corrosion cracking tests were performed in a 400°C
doped steam environment on weld metal specimens of Alloy 52M and
Alloy 182. All specimens were tested as flat plates, bolt-loaded to strains
of 0.35% and 1.0% in a four-point bent beam configuration. Alloy 600
specimens, prepared from archived sections of a CRDM nozzle, were
included as control specimens. In exposure times equivalent to more
than forty years at operating temperatures, Alloy 52M exhibited complete
resistance to stress corrosion crack initiation. Stress corrosion cracking
initiated in the Alloy 182 specimens in exposure times less than one-fifth
the total exposure time of the Alloy 52M specimens. Crack initiation was
also observed in the Alloy 600 control specimens.

In a separate but related evaluation, Alloy 82 and Alloy 182 weld metal
specimens removed from the V.C. Summer reactor vessel nozzle safe-
end that cracked in service in 2000 were tested in simulated primary
water environments. Crack initiation tests were performed using four-
point bent-beam specimens stressed in tension to loads equivalent to
surface stresses of 400 and 500 MPa. These tests were performed at
360°C for total exposure times of 3522 hours. Crack initiation was not
observed for any of the bent-beam specimens.

Crack growth rate tests were performed at 325°C on these weld metals
using actively-loaded 0.5T-compact tension specimens. Nominal stress
intensities of 20 and 35 MPaVm were used. Careful post-test
examinations indicated only the presence of minor welding defects.

Only small differences were observed in the crack growth rates of the
fatigue-precracked Alloy 82 and Alloy 182 compact tension specimens
although the Alloy 82 specimens were tested with the weld dendrites in a
more susceptible orientation.

INTRODUCTION

Three separate cracking events occurred in PWR reactor vessel outlet nozzle-to-pipe safe-end
welds in 2000. These occurred at the Ringhals 3 and 4 units in Sweden and at the Summer
PWR in the United States. Detailed destructive examinations were performed on specimens
removed from the Ringhals 4 and Summer nozzles. The former examinations were done by
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Studsvik AB in Sweden, and the latter examinations were done at the Westinghouse Science
and Technology Department Remote Metallographic Facility.

At both Ringhals 4 and Summer, the full-section butt welds were made by “buttering” the face of
the alloy steel nozzle with Alloy 182 and completing the weld with a multipass filler weld using
Alloy 182 and/or Alloy 82. The Ringhals 4 degradation consisted of several deep axial cracks in
the Alloy 182 weld (Ref. 1). At Summer, where considerable through-wall leakage had occurred,
Westinghouse identified a 6.86-cm long axial crack on the OD surface, and several other
indications on the ID surface of the weld (Ref. 2).

Repairs were made at Ringhals using Alloy 52M', and at Summer using Alloy 52 and Alloy 152.
Weld qualification mockup preparations at Ringhals, involving both Alloy 52M and Alloy 182
multipass welds, provided test material for this program. The availability of a large ring section of
the entire Summer circumferential nozzle weld afforded the further opportunity for stress
corrosion cracking tests of the Alloy 82 and Alloy 182 welds from that plant. These materials
were used for a variety of crack initiation and crack growth tests, the results of which are
presented in this paper.

SCOPE OF THE EXPERIMENTAL PROGRAM

The research reported here was conducted to examine the following issues:

e Crack initiation in Alloy 52M (and controls of Alloy 182 and Alloy 600) used for the recent
Ringhals repairs,

e Crack initiation in Alloy 82 and Alloy 182 weld metal specimens removed from the
Summer outlet nozzle safe-end that cracked in 2000, and

e Crack growth rates in the Alloy 82 and Alloy 182 safe-end weld metals.

All crack initiation tests were performed using four-point bent beam specimens, and the crack
growth rate tests were performed on actively-loaded 0.5T-compact tension specimens. A
summary of the overall test matrix is shown in Table 1. Note that Alloy 182 was tested both from
the Ringhals mockups and from the Summer nozzle safe-end.

The 400°C (752°F) crack initiation tests were performed in a doped steam environment,
containing 30 ppm each of the chloride, fluoride and sulfate salts of sodium, in addition to a 76
kPa partial pressure (approximately 11 ppm) of hydrogen in 20 MPa steam. These four-point
bent beam specimens were tested at top-surface strains of 0.35 and 1.0%, corresponding to
average stresses in these materials of 360 MPa (52 ksi) and 500 MPa (73 ksi), respectively.

The 360°C (680°F) crack initiation tests were performed in simulated primary water [2.0 ppm Li,
500 ppm B, 30-35 cm® (STP) H,/kg H,O] with applied loads equivalent to surface stresses of

' Alloy 52M is a modified version of Alloy 52, the product used for gas tungsten arc, or gas metal arc,
welding of Alloy 690 (Ref. 3).
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400 and 500 MPa (58 and 73 ksi). The Summer Alloy 82 and Alloy 182 weld specimens were
prestrained to permit testing at this stress level.

Table 1 - Overall Test Matrix

Material Crack Initiation 0.5T-CT Crack
400°C 360°C Growth at 325°C
Alloy 52M [Ringhals] X - —
Alloy 182 [Ringhals] X -— —
Alloy 600 X -— —
Alloy 82 [Summer] - X X
Alloy 182 [Summer] - X X

Photographs showing typical test configurations for the 400°C tests are shown in Figure 1; the
Ringhals Alloy 52M and Alloy 182 specimens were 9-mm thick. In addition to the Alloy 52M and
Alloy 182 prepared for the Ringhals mockups, several Alloy 600 specimens were prepared from
available CRDM archived material; these were tested as 3.8 mm thick plate in the four-point bent
beam configuration. Photographs of the Summer weld specimens, loaded in preparation for the
360°C crack initiation tests are presented in Figure 2. The thickness of the Summer weld
specimens used for these tests was in the range 2.4 to 3.2 mm.

Crack growth rate tests of the Summer Alloy 82 and Alloy 182 welds were performed at 325°C
(617°F) in a simulated primary water environment containing 3.5 ppm Li, 1800 ppm B and 30-35
cm? (STP) Ha/kg H,O. The specimens were fatigue pre-cracked in air at a stress intensity less
than 15 MPavm and subsequently tested at stress intensities of 20 and 35 MPaVm. Crack
growth was actively monitored in situ using the reverse DC potential drop method. Tests were
conducted consistent with the guidelines specified in ASTM E399-90.

The specimens were periodically unloaded to a value 0.7 times the full applied load, in order to
break any oxides that might compromise the accuracy of the DC potential drop measurements.
The specimens were side-grooved in an attempt to keep the cracking generally in the intended
plane. There is no standard terminology for the orientation of weld specimens. Adopting the
ASTM terminology for plates, the Alloy 82 weld specimens were tested in the T-S direction. The
crack direction was aligned with the dendrite direction in the Alloy 82 weld metal. Because of
differences in the welding orientation for the Alloy 182 butter passes, the Alloy 182 butter passes
were tested in the T-L direction where the crack growth direction was perpendicular to the
dendrites.

TEST MATERIALS
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The chemical concentrations for all test materials are summarized in Table 2. The chemical

analyses reported for “Alloy 182 — Ringhals” and Alloy 52M were provided by Uddcomb
Table 2 - Chemical analyses for test materials

Element | Alloy 600 | Alloy 182 | Alloy 52M | Alloy 82 [N06082] | Alloy 182 [W86182]
[NO6052]
WF 147 | Ringhals | ERNiCrFe-7 | Summer | ERNiCr-3 | Summer | ENiCrFe-3
Cc 0.033 0.042 0.020 0.10 max 0.10 max
Si 0.29 043 0.03 0.13 0.50 max 0.73 1.0 max
Mn 0.78 6.63 0.92 3.29 2535 6.88 5.0-9.5
0.009 0.004 0.003 n.d. 0.03 max n.d. 0.03 max
0.001 0.002 0.001 n.d. 0.015 max n.d. 0.015 max
0.08 0.65 1.63
B 0.004
Cr 15.69 13.95 30.13 19.61 18.0-22.0 15.57 13.0-17.0
Cu 0.02 0.01 0.03 n.d. 0.50 max n.d. 0.50 max
Fe 9.65 8.04 8.50 5.20 3.0 max 8.03 10.0 max
Mo 0.02
Ni 73.07 68.90 60.10 69.01 67.0 min 64.61 59.0 min
Ti 0.47 0.22 0.60 0.75 max 0.93 1.0 max
Zr 0.006
Nb + Ta 1.41 0.93 1.37 2.0-3.0 1.54 1.0-2.5
Co 0.18 0.12 max 0.12 max
Sources | Test Rpt. | Test Rpt. Test Rpt. EDS ASME EDS ASME

Engineering, who manufactured the weld mockups for the Ringhals repair qualification program,
and provided the materials tested (Ref. 4). The Alloy 600 material was from an archived CRDM
penetration; this heat (WF147) had exhibited moderate resistance to stress
corrosion cracking in previous testing. The microstructure of this material is shown in Figure 3,
where it can be seen that a substantial density of carbide precipitation exists at current or prior
grain boundaries.
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Actual chemical analyses were not available for the Summer Alloy 82 and Alloy 182 weld metals.
The values reported in Table 2 are those determined by EDS analyses performed on the
scanning electron microscope; for comparison, the values from Section Il of the ASME

Code are shown beside these analyses. Some difference are noted; however, it was based on
the analyses shown that supported the conclusion that the materials tested were in fact
correctly identified (see, for example, the correspondence for Mn and Cr, two elements that vary
significantly for these weld metals).

TEST RESULTS
Crack Initiation Tests - 400°C Doped Steam

The four-point bent beam specimens of Alloy 52M, Alloy 182 and Alloy 600 were tested at 400°C
for a period equivalent to more than forty years of operation at the 322.8°C Ringhals outlet nozzle
operating temperature. This time-correlation, with an acceleration factor of 195 in the doped
steam environment, was derived from similar tests of Alloy 600 in which it was observed that in-
service degradation after 89,000 effective full power hours at 317°C was essentially duplicated in
289 hours in doped steam [the resulting acceleration factor of 308 was adjusted to 195 to
account for the temperature difference] (Ref. 5).

The results of the 400°C tests are summarized in Table 3. The times at which interim
inspections were performed, and the equivalent efpy at the Ringhals service temperature, are

shown in the left columns. As indicated, the terms “low” and “high” refer to the strain level.

Table 3 — Summary of crack initiation tests in the 400°C doped steam environment

Exposure Time Alloy 52M Alloy 182 Alloy 600
AC, Equiv. Low High Low High Low High
hours efpy
124 2.8 0/2 0/2 0/2 0/2 0/2 0/4
214 4.8 0/2 0/2 - 2/2 - -
269 6.0 0/2 0/2 0/2 2/2 0/2 1/4
418 9.3 0/2 0/2 - 0/2 1/4
450 10.0 0/2 0/2 2/2 - 2/4
598 13.3 0/2 0/2 2/2 0/2 3/4
889 19.8 0/2 0/2 0/2 3/4
1343 29.9 0/2 0/2 0/2 3/4
1801 40.1 0/2 0/2 0/2 3/4
2051 45.6 0/2 0/2 Not Not
exposed | exposed
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Low = 0.35% strain; High = 1.0% strain
X/Y = no. with SCC/no. tested; AC = autoclave

After 2051 hours, crack initiation was not observed in any of the Alloy 52M specimens. In the
inspection after a cumulative exposure of 1343 hours, short (0.16 and 0.20-mm in length)
indications were observed on the surface of the two high-strain Alloy 52M specimens. These
indications did not change in subsequent exposures. Subsequent metallographic cross-
sectioning indicated these to be shallow hot-microfissures that were present from the weld
preparation, but had not been clearly identified in the earlier examinations. Such hot cracks are
generally distinguishable from shallow SCC by their characteristic rounded, as opposed to
sharp, morphology. It was noted that these features did not serve as initiation sites for SCC, nor
did they propagate during the tests.

Four Alloy 182 weld specimens were tested; two at low strain and two at high strain, Table 3.
After a cumulative exposure of 214 hours (equivalent to 4.8 efpy in service), a number of cracks
were observed in each of the high-strain specimens. These cracks ranged from as short as
0.25 mm to 3.0 mm in length. The low-strain specimens first exhibited stress corrosion cracking
at the 450-hour interim inspection. During a subsequent 148-hour exposure, these cracks grew
to a maximum length of 4.0 mm.

The Alloy 600 controls cracked only at the high-stress condition with the first failure occurring at
269 hours. Normally, it would be expected that the Alloy 600 specimens would crack before the
Alloy 182 weld metal. However, this heat of Alloy 600 had previously exhibited moderately high
resistance to stress corrosion cracking (Ref. 6).

Crack Initiation Tests - 360°C Primary Water

The four-point bent beam specimens prepared from the Summer Alloy 82 and Alloy 182 welds
were exposed for a total of 3522 hours in the 360°C primary water environment. Careful post-
test visual inspections did not reveal any indications of crack initiation. This exposure is
equivalent to approximately 4.0 efpy at the Summer outlet nozzle temperature of 325.6°C; the
cracking at Summer was detected after 14.3 efpy.

Crack Growth Rate Tests - 325°C Primary Water

At the conclusion of the crack growth rate testing, measurements made on the fracture surface
using a combination of SEM fractography and optical microscopy to determine the rate of
cracking. The reverse DC potential data were used to estimate trends in the SCC growth rate
with time. Optical and scanning electron micrographs of the fracture surface of an Alloy 182
specimen is presented in Figure 4.

The measured crack growth rates determined for the Summer nozzle Alloy 82 and Alloy 182

weld metals are shown in Figure 5. Included in Figure 5 are curves corresponding to the 75"
percentile data for Alloy 600 from MRP-55 (Ref. 7), and a preliminary EPRI model for crack
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growth in Alloy 182 (Ref. 8). The current program results are within the range expected from
previous industry experience.

Only small differences were observed between the Alloy 182 and Alloy 82 welds. Recall that
there was a difference in specimen orientation between the Alloy 182 butter welds tested in the
T-L orientation and the Alloy 82 welds tested in the T-S orientation. Crack growth rates have
been reported to be 2 to 5 times higher (Refs. 9, 10) when the cracks were parallel to the
dendrites (T-S) rather than perpendicular to the dendrites (T-L). The differences between the
crack growth rates measured for Alloy 82 and 182 in the current program are well within the data
scatter. However, if these materials were tested in the same orientation, the Alloy 82 growth
rates may be one-half to one-fifth those of the Alloy 182 rates. It is concluded from these tests
that the V. C. Summer CRDM nozzle weld metals do not exhibit unusually low resistance to
environmental crack growth.

CONCLUSIONS
Crack Initiation - 400°C Doped Steam

¢ In four-point bent beam tests, Alloy 52M welds, prepared to simulate the Ringhals 4 field
repairs of the reactor vessel outlet nozzle, exhibited complete resistance to stress
corrosion crack initiation in laboratory exposure times exceeding 45 efpy equivalent service
time. Small microfissures on the surface of the Alloy 52M welds, stressed in tension, did
not serve as initiation sites for environmental degradation, nor did they propagate during the
tests.

e Stress corrosion cracks initiated in specimens prepared from the Ringhals 4 Alloy 182 weld
qualification mockups in exposure times less than one-fifth the total exposure time of the
Alloy 52M specimens.

e Crack initiation was observed in specimens of archived Alloy 600 CRDM nozzle material in
the doped steam environment.

Crack Initiation - 360°C Primary Water

e The four-point bent beam specimens prepared from the Summer Alloy 82 and Alloy 182
welds were exposed for a total of 3522 hours in the 360°C primary water environment with
no indications of crack initiation. This exposure is equivalent to approximately 4.0 efpy at
the Summer outlet nozzle temperature of 325.6°C.

e |tis concluded that these materials do not exhibit unusually poor resistance to crack
initiation in primary water environments

Crack Growth Rate Tests - 325°C Primary Water

419



The results of crack growth rate tests of 0.5T-CT specimens prepared from the Summer
reactor vessel outlet nozzle Alloy 82 and Alloy 182 safe-end weld metals, tested at stress
intensities of 20 and 35 MPaVm, were consistent with the existing database.

The crack growth rates measured in the Alloy 82 welds in the T-S orientation were similar to
the crack growth rates reported on the Alloy 182 welds in the T-L orientation.

These materials do not exhibit unusually low resistance to environmental crack growth.
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Figure 1 - Photographs of Alloy 52M (Upper 1 thru 4), Alloy 600 (600-1 thru-4), and
Alloy 182- 4 (lower photo) bent beam test specimens. [Specimens with suffixes -1
and -2 were strained 0.35%; those with suffixes -3 and -4 wee strained 1.0%]
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Figure 2 — Photographs showing the carousel-type arrangement used for the bent beam
tests of the Summer Alloy 82 and Alloy 182 nozzle safe-end weld metals.

Figure 3 — Microstructure of Alloy 600 Heat WF147
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Metallurgical Investigation and Root Cause Assessment of the Reactor Vessel Head
Penetration Alloy 182/82 J-groove Weld Cracking in Rotterdam Vessels

G. Rao, Westinghouse Electric Company, Pittsburgh, PA
J. Bennetch, Dominion Generation,
G. Embring, Ringhals AB, Sweden, and
W. Gahwiller, Westinghouse Electric Company, Pittsburgh, PA

This Paper reviews the results of metallurgical investigation of cracking in the Alloy 182/82 J-
groove welds of the Reactor Vessel Head Penetrations at North Anna 2 and Ringhal 2 Units to
establish the origin and root cause of the cracking. The investigations were centered on boat
samples containing cracking detected during scheduled outage inspections. The investigations
included surface examinations, metallographic and fractographic assessments, chemistry and
dilution assessments. Based on the results mechanistic and root cause assessments were
conducted. Brief discussion of the repair methods employed for the cracks is also briefly
provided.

The results of the investigations revealed the presence of two different types of cracking;
namely, fabrication related hot cracking and service related PWSCC. Based on the results of the
mechanistic assessments and a review of the fabrication records, the relation between the two
types of cracking and their root cause of occurrence was established. The repair methods adapted
for the two plants were discussed.

Manuscript was not available for publication in the Proceedings
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By
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Abstract

This paper presents the experience feedback and views of the French Regulatory Authority (ASN) and of the
technical support institute (IRSN) on PWSCC prevention since the initiation in 1989 of the "Inconel Zones Review"
requested by ASN to Electricité de France (EDF), the national operator of a fleet of 58 PWRs.

This proactive requirement, launched before the discovery, in September 1991, of the only CRDM nozzle leak in
France, on Bugey unit 3, was then triggered by the recurrence of many alloy 600 rapid degradations and leaks, world
wide, and also in France in the late 1980s, particularly on steam generator tubes and on some pressurizer
penetrations.

Thus, the ASN requested that EDF, perform a comprehensive (generic) proactive assessment on all the nickel-base
alloy components and parts of the main primary circuits, which of course included vessel head penetrations and
bottom vessel head penetrations, and some other zones as a first priority.

This proactive "review" did, a minima, include the following tasks and actions:

O Update and complete, by an extensive R&D program, the understanding and characterization of the Ni base
alloys prone to PWSCC,

Q Analyze the various materials, metallurgical features, mechanical stresses, and physicochemical conditions
of the parts exposed to primary water, in order to predict the occurrence of PWSCC initiation and
propagation,

Q Provide a prioritization of the zones to be inspected,

Q Implement by improved NDE techniques a practical inspection program on the 58 PWRs,

Q Prepare and implement any needed mitigation actions as a result of the components conditions assessment.

The present paper relates the main features of the French regulatory experience over more than 13 years and recalls
the main principles of the assessment, which were applied by ASN. These principles, which are formalized in the
current regulation rules revised in 1999, are briefly listed hereunder:

Q ltis based on avoiding and preventing any leaking on the main primary circuit.

Q In service inspections (ISI), including volumetric and surface NDE, have been agreed upon between ASN
and EDF for all vessel head penetrations, with a re-inspection schedule.

Q The preexisting regulatory hydraulic testing program was carefully implemented, which implied the removal
of thermal insulation on the vessel heads.

Q A comprehensive R&D program had to be conducted by EDF, the main progress reports and presentations
had to be regularly submitted to DGSNR and IRSN staff.
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Q The assessment and the ranking of the sensitivity of the different nickel base alloy zones, derived from R&D
and empirical models, would have to be confirmed by a comprehensive ISI program, including bottom head
penetrations, steam generator partition plates, and more specific weld metal zones.

O ASN reviewed the various mitigations and preventive measures proposed by EDF, either temporary, such as
leak detection systems, anti-ejections devices, interim repairs, or long term commitment of the French
operator to replace in due time the vessel heads comprising the most affected CRDM penetrations.

This paper also presents the ASN's follow up of the domestic and international feedback, such as the occurrence of
PWSCC cracking (initiation and propagation) in the weld materials, whose occurrence is rather limited in France.

1. INTRODUCTION:

Ironically in a country where the sensitivity of alloy 600 to Stress Corrosion Cracking (SCC) in Pure
Water, the source of a very long controversy across the Atlantic, was evidenced as early as 1959 in the

French Atomic Energy Commission Laboratories in Saclay by Henri Coriou® and coworkers, and later

confirmed repeatedly in unpolluted water and Primary Water? (hence the acronym PWSCC), it took a very
long time and considerable industrial applications to realize that PWSCC was no longer a laboratory
curiosity.

As recalled in an IRSN review paper in 19953, the recurrence of various worldwide numerous
degradations of Steam Generator tubing and tube plugs by PWSCC, lead to the obvious conclusion that
the PWR industry was facing a generic SCC problem even in nominal primary water conditions, on
components or local zones submitted to high levels of residual and/or operational stresses which were
not all covered in the past by regulatory NDE requirements and operational surveillance.

The advent of rapid through wall cracking for pressurizer penetrations in the USA, and in France, as early
as the first fuel cycle for Inconel 600 instrument penetration nozzles of 1300 MWe units pressurizer in the

late 198034, together with the occurrence of circumferential through wall PWSCC cracking of thermally

treated alloy 600 tubing on top of the tube sheet during the first fuel cycle in NOGENT unit in 19895, were
perceived by EDF (the national operator of a fleet now amounting to 58 PWRs) and the French Safety
Organizations (now DGSNR and IRSN) as severe warnings.

Consequently, at the strong request of the French Safety Authority (Autorité de Slreté Nucléaire),
which will be referred to as ASN), a proactive approach to the "generic problem of "Inconel
Zones" sensitivity to PWSCC" was launched by EDF and Framatome, without any delay as soon
as 1989, under the name "Inconel Zone Review", which in fact was initiated and developed
sufficiently ahead of time before the discovery in September 1991 of a leaking vessel head

penetration on BUGEY unit 3° during its first regulatory decennial hydraulic test.

2. OBJECTIVES OF THE INCONEL ZONE REVIEW FOR THE FRENCH FLEET OF 58
PWRs

Actually the preliminary conclusions from the first version of the Inconel review submitted to ASN in
summer 1991 did not rank the CRDM zones second to the pressurizer penetrations, but fourth in
decreasing sensitivity, after the SG divider plate, and the vessel head vent central penetration3.

This course of PWSCC events, the complexity and uncertainties to actually rank the sensitivities of the
various zones and predict the occurrence of PWSCC crack initiation on actual components showed that
the Inconel zone review should not remain an academic exercise and should be comprehensively
restarted with a multiple integrated approach, with the following objectives, which had been requested by
ASN:

0 Review and document all the existing "Inconel zones" in contact with the primary water,
characterize and rank their sensitivities toward PWSCC.
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Assess all the technical issues and data relevant to the fitness for service of the reviewed Inconel

components in alloys 600, 182 and 82.

Develop NDE inspection techniques and tooling.

Implement timely a comprehensive NDE inspection program for the most PWSCC prone zones.

Justify the various aspects of the Inconel zone review by a comprehensive R& D effort.

Review and refine the descriptive PWSCC empirical models and input data to ensure a more

reliable prediction and ranking of the Inconel zones crack initiation.

o Verify the specific "Inconel Zones" lifetime predictions by a sufficient amount of NDE inspection,
either full scale or according to an agreed sampling rate.

O Anticipate any further degradation of these zones and perform a safety assessment for each zone
in case of failure or leaks caused by through wall cracking.

Q Prepare for mitigation techniques including PWSCC prone components repairs or replacements.

O

000D

All those stringent and comprehensive requirements developed in the early nineties were justified to
guarantee both safety and availability of a large fleet of 58 PWRs, should an untimely treated generic
degradation plague most units, which have generic common design and construction features (fleet
effect), but also some differences as described briefly in § 4.

Most of those early requirements, devised to master PWSCC issues, are forerunners for the new more
general regulatory rules which has been further developed, expanded and formalized recently in a new
ministerial order on November 10 ™, 1999, devoted to the surveillance in operation, which revised and
replaced Part Ill of the initial ministerial order of February 26 " 1974,

3. MAIN REGULATORY FEATURES AND PRINCIPLES TO ENSURE THE INTEGRITY OF
THE MAIN PRIMARY CIRCUITS DURING OPERATION

3.1) General features

In France, these principles are now formalized in one document, dedicated to the surveillance in
operation of the main primary and secondary circuits, referred to as "the ministerial order of November
10", 1999", (supplemented by a ministerial circular that explicates it and provides guidance for its
implementation), which revised and replaced Part Ill of the initial ministerial order of February 26 ‘h, 1974,
which, otherwise dealt then mostly with the design and fabrication aspects of the main nuclear pressure
retaining components.

The new ministerial order emphasizes and describes more thoroughly the responsibility of the operator to
maintaining the integrity of the main primary and secondary circuits during operation, which implies the
assurance that the pressure boundaries would retain their properties, in operation and under various
ageing processes, to confine the primary and secondary fluids.

This means principally:

O Precluding the occurrence of leaks other than those leaks, normally collected, allowed by
conception in some joints (pumps for example).

O Excluding the presence and development of flaws whose noxiousness might be excessive
in normal, incidental, or accidental operating conditions, thus preventing break and any
uncontrolled and "unmonitored" leaks, whatever the degradation mechanisms which might be
involved.

Consequently, the operator is in principle required to repair every flaw, which could lead to a break
or a leak during operation and take appropriate measures to prevent the recurrence of those damages to
the secondary and primary circuit.

One exception to the principle of precluding any leak was allowed for some steam generators tube
bundles with a large number of tiny (a few mm long but some through wall) longitudinal cracks usually by
PWSCC at the roll transition, with very low leak rates, where it was impossible to identify the tubes (to be
plugged) contributing most to the overall leakage.

This exception would only hold for SG regularly inspected by sensitive NDE techniques capable to detect
and size accurately defects whose degradation mechanisms, orientation and kinetics are fully identified
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such as axial PWSCC cracks at the roll transition, namely on steam generators which follow a low leak
rule management pending the SG replacement, knowing that all SG are equipped with continuous N16
leak monitoring.

The recently formalized French main regulatory principles to be applied are the following:

The operator has to anticipate and take into account, in service, any possible form and/or
mechanism of degradation and their combinations, which might affect the integrity of the
components of the primary circuit, (such as thermal ageing, embrittlement, creep, fatigue, erosion,
wear, corrosion, Stress Corrosion Cracking [SCC], Corrosion fatigue [CF], and other environmental
effects including, local chemistry, operational, residual stresses, gamma and neutron irradiation
effects...), in particular, through the careful analysis of:

O Design files (i.e. stress analysis report of complex assemblies, reinvestigating relevant materials
properties),

O Fabrication records, materials deviations from conformity and batch specific features,

O Complex loads or environmental conditions, for example: thermal fatigue caused by mixing
fluids, Stress Corrosion Cracking (SCC) and/ or Corrosion Fatigue (CF), or particularly in singular
complex locations,

O Operation feedback analysis, both domestic and international, such as materials properties
alterations, investigating the cause and magnitude of flaws or indications detected by NDE, which
should be further characterized on removed components, parts or samples affected by the given
degradation,

O Components or parts failure/degradation reporting and analysis,

O Through appropriate R & D programs, needed to identify the conditions of occurrence of the
degradation mechanisms, and evaluate the quantitative effect of the influential parameters on the
degradation kinetics.

The different zones of the main primary system have then to be ranked according to their sensitivity to the
different damages taken into consideration, in particular, when establishing maintenance and In Service
Inspection (ISI) programs, which have to be submitted with justifications to ASN.

3.2) In Service Inspection (ISD:

According to the French regulation, an in-service inspection program has to be defined, for the
various types and categories of zones and must be devised and implemented in view of a
preventive policy, in order to avoid the failure or loss of integrity, whether it be a leak or the break of the
component.

The operator must take the necessary measures to detect early enough the anticipated degradations, in
general flaws, adapt the tools and select the proper NDE techniques to implement the regulatory required
ISI program capable to detect those flaws before they reach a critical size.

The new regulation provides some differences of treatment with regard to ISI requirements according to
two broad categories of zones, respectively "sensitive zones" & "non sensitive zones".

"Sensitive zones":
They may belong to the following categories:

Q Zones identified as sensitive from the design and safety overall studies,

Q Zones where, from the domestic and international experience feedback, the occurrence of
degradations are proven or most likely to occur, which usually imply the implementation of a
specific maintenance and in service Inspection program,

O Zones where the environmental stressors are complex involving usually some specific
combinations of factors among those, mechanical, physicochemical, hydraulic, thermal factors...
The operator has to:

Determine which zones are sensitive,
Define their localization and their extension,
Identify and characterize the degradation mechanism,

Oooo
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Q Determine the flaw critical size (with security margins).

The preventive nature of the ISI program implies that it be applied to all the sensitive zones on all
components and units of the French PWR fleet concerned by the considered degradation process.
The ISI program and schedule depends on the critical size and the growth rate of the defects, in
order to make sure the flaw can be detected prior it reaches the critical size. Thus, the utility has to
choose the appropriate NDE method and performances and to make a qualification of the method.
Two types of qualification are considered:

Q A "specific" qualification, when the characteristics of the suspected flaws are known, and

usually have already been observed and measured on real components,
O A "general" qualification", when flaws are suspected, but not yet observed.

During the ISI program implementation, if an indication is detected, the utility has to issue a deviation
report with deviation analysis, which is usually followed by either a specific justification for its innocuous-
ness, a proposal for a temporary or a definitive repair, or replacement of the part.

Precursor_zones: under specific conditions however, some "precursor sensitive zones" might be
selected for a first round of inspections within a population of zones of similar sensitivity to a given
degradation.

To be considered a precursor, a sensitive zone has to be fully representative with some
anticipation of its family of sensitive zones. In other words, the zones of this family must be subject to
the same degradation mechanisms, which would occur in the same circumstances, except that the
precursor zone's rate of degradation initiation must be significantly more precocious and its flaw
propagation rate faster than the other zones of its family.

Of course, an extension rule has to be defined in the ISI program that sets down additional NDE to be
done on the family, if degradation is detected on the precursor zone.

"non sensitive zones":

For the zones, "a priori judged non sensitive zones", the French regulation requires that some sample
checking be performed on non-sensitive zones. IS| in these zones aims at collecting information in order
to confirm the conclusions of the degradation sensitivity analysis, in other word at verifying that there are
no flaws.

3.3) Periodic requalification for the primary circuit components:

This principle, which was already included in the original ministerial order from February 26", 1974, and
lead to the discovery of the Bugey 3 CRDM penetration degradation and small leak, has been maintained
and further developed in the new surveillance ministerial order and implementation circular that stipulates:

The components must be submitted to periodic requalification steps, which include:
O A complete visit of the primary circuit
O A hydro test at least at 1.2 times (207 bar) the design pressure (172.5 bar) instead of the
normal operating pressure (155 bar),
O An examination of the safety dedicated circuits and set ups.

A first primary circuit requalification is required no later than 3 years after the first fuel core
loading followed by periodic requalifications at ten year intervals, usually during the "extended
decennial outages".
The requalification regulatory requirements to be performed at last during the decennial outages
constitute an important step, since all the primary circuit is concerned and, in particular, thermal
insulation should be removed for visual, video inspections and leak detection:

O For an overall in-depth defense policy against unanticipated flaws and degradations,

O For an extensive review of the fitness for continued service,

O Following the implementation of maintenance or replacement operations, on components

or parts.
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3.4) French Nuclear Safety Decisions:

The Advisory Group on Nuclear Pressure Vessels (SPN) has studied four times the issue of Inconel
zones in France: first in April 1994, then in 1996, in 1997 and the last time in March 2000. The final
French nuclear safety decision® was published (http://www.asn.qgouv.fr) and sent to the French utility in
March 2001. The requests refer much to the "ministerial order of November 1999". The main requests are
the following:

O Steam generator partition plate: inspection of the weld of the partition stub (without stress
relieving treatment) and triple point zone, of 26 SGs, and one SG with many loose part impacts,
and 9 other random SGs, before 2008,

O Bottom vessel head penetrations: inspection of all penetrations with UT and ET on twelve
reactor vessels before 2008,

O M shaped core support pads: an inspection method is being developed and qualified in order to
detect and size possible PWSCC cracks. The method must be used during the 30 year outage,

O Local Inconel repairs in vessel nozzle inner radius: inspection of Inconel 182 repairs in hot leg
nozzle inner radius must be done during the 30 year outage (17 nozzles in 7 reactor vessels) and
an inspection method to detect and size cracks in cold leg nozzle inner radius must be performed
and qualified.

4. INITIAL FEATURES OF INCONEL ZONES TROUGHOUT THE 4 MAIN FRENCH PWR
SERIES

The present fleet of the 58 PWRs, now in operation in France, commissioned for industrial service from
1977 to 1999 were in fact designed and constructed, as part of standardized series, during a crash
program initiated in the early 1970s, which did not allow easily for early major materials modifications,
which the experience feedback might have suggested. Partly as a result of the Westinghouse patent,
applied by Framatome, some Nickel base alloy parts made of Alloy 600 and of related weldments made
from Alloys 182 & 82, have been extensively used in the primary circuits of the French PWRs, some of
which ensuring the integrity of the pressure retaining boundaries. These are schematically shown in the
following figure:

! Décision BCCN/M P/ARN°/010067, March 05/2001,on ASN web site (http://www.asn.gouv.fr)
"Zones en alliage "Inconel 600" sur les réacteurs a eau sous-pression d'EDF. Programme de
maintenance"
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BMI PENETRATIONS

VH PENETRATIONS

SG DIVIDER PLATE
RPV NOZZLE

CORE SUPPORT LUGS

Figure 1, by courtesy of EDF, (this conference'?)

Showing the main Inconel Zones locations in the primary circuit and some close-ups

The main 4 series of PWR units had initially, with a few exceptions, at the design stage the following
features:

a

Vessel Head Penetrations for Control Rod Drive Mechanisms (CRDM) were made from thick
forged alloy 600 bars and welded with alloy 182 without any post weld stress relief treatment. The
first units whose vessel head penetrations were constructed in the workshop with alloy 690 are
the latest 4 N4, 1450 MWe units,

Vessel Bottom Head Penetrations, (namely Bottom Mounted Instrumentation [BMI]
Penetrations) having a smaller diameter, were made from hot rolled alloy 600 bars welded with
alloy 182, but were submitted to a 600 °C treatment, normally typically needed for low alloy
components stress relief. Only the last 2 N4 units were originally constructed with alloy 690
penetrations,

Central Vessel Head Vent Penetrations, usually made from the same hot rolled alloy 600 bars
used for BMI, were not stress relieved at all,

Steam Generator divider plates, normally made of alloy 600, are welded to the channel head
partition stub with alloy 182 without any stress relief treatment,

Steam generator tubing (SGT) made from alloy 600 MA or later on more recent units with more
SCC resistant alloy 600 TT, with the exception of the last 5 units which benefited from alloy
PWSCC resistant 690 SG tube bundle,

Some Bimetallic junctions between the ferritic components (Reactor Vessel, Pressurizer,
Steam generators) and main stainless steel primary loops piping, as a standard were made of
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stainless steel, except for the last three N4 reactor vessel safe end/to the main coolant piping
Dissimilar Metal Welds (DMW) made by a hot alloy 82 wire TIG process,

Pressurizer penetrations (heater sleeves, and instrumentation nozzles) normally made in 316L
stainless steel, except for the 1300 MWe units, whose instrumentation nozzles made of alloy 600
did fail rapidly within the first to the fourth fuel cycle, and were replaced by 316 L penetrations in
the 1990s,

M shaped core support pads in alloy 600 welded to the vessel walls with alloy182, and then
submitted to the vessel stress relief treatment.

Some repaired underclad defects in some vessel nozzles were repaired with alloy 182 &
stress relieved in plant with the vessel,

The main specific differences and features among the 4 PWR series were the following:

Q

The oldest 6 CPO units (3 loops, 900 MWe) on the sites of Fessenheim & Bugey commissioned
in the years 1977-1979, including Bugey 3 (1978) initially equipped with Mill Annealed Alloy 600
SG tubing, operated under hot upper vessel plenum conditions at the estimated temperature of
315°C.

28 CP1- CP2 units (3 loops, 900 MWe), commissioned in the years 1981-87, some of which were
equipped initially with Alloy 600 TT Steam Generator tubing (SGT), operated initially under low
temperature upper vessel plenum (estimated around 290 °C).

20 P4-P'4 units (4 loops 1300MWe), commissioned in the years 1984-93, all with Alloy 600 TT
SGT (except Penly unit 2 and Golfech 2, with alloy 690 SGT), were initially operated under high
temperature upper plenum (estimated at 315-320°C). As opposed to the general use of AlSI 316
L stainless steel for the pressurizer penetrations for the other series, the P4-P'4 series was
equipped with pressurizer instrumentation penetrations made of alloys 600 welded with alloy 182,
which failed rapidly by PWSCC between the first and fourth fuel cycle and consequently were
replaced by 316 L penetrations.

4 N4 units (4 loops, 1450 MWe) commissioned in the years 1996-1999, initially designed with
alloys 600/182 & 82 penetrations for the vessel heads were re-equipped before commissioning
with alloys (690/52 & 152) vessel head penetrations. The last 2 N4 units were built with alloy 690
Bottom Mounted Instrumentation (BMI) Penetrations Their original Steam Generators were
designed with alloy 690 tubing.

However on three N4 units, stress relieved Dissimilar Metal Welds (DMW) were made with alloy
82, joining the reactor vessel to the cold and hot leg primary circuit piping, instead of the
otherwise general use in France of stainless steel for DMWs.

5. THE TREATMENT OF THE VESSEL HEAD PENETRATIONS IN FRANCE, IN RELATION
WITH THE ASN POSITIONS

The implementation of the "Inconel Zones Review" has been performed in various stages since the
discovery of the BUGEY 3 CRDM penetration leak in 1991, with the benefits of the CRDMs failure
investigations, the first assessment of the penetration deformations induced by welding, and the results of
a first round of CPO units NDE inspections.

5.1) Lessons learned from the Bugey 3 failure investiqationzz

Risk of OD circumferential SCC re-initiation and cracking:

The examinations of the failed Bugey 3 penetration T54, which entailed a very low leak rate, less than 1
kg per hour, characterized by primary ID initiated longitudinal cracks, did show, that once some crack got
through wall above the weld, they could later trigger in the outer annulus between the vessel bore and the
penetration, a new PWSCC like secondary OD cracking process, this time of circumferential orientation,
more critical in terms of safety consequences.
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Risk assessment of potential leaks:

This incipient form of OD re-initiated circumferential degradation, in case of a continuously low rate
leakage, difficult to detect in operation, as observed in Bugey 3, also exemplified at a more advanced
stage of propagation some ten years later on Oconee in the USA was then judged safety significant so as
to potentially entail a control rod ejection event.

This added to the original concern that uncontrolled higher leak rates would, in worst case
conditions, entail rapid wastage or erosion corrosion processes to the vessel low alloy steel, as
observed in the USA on ferritic components and lately on Davis Besse vessel head.

Those field examples world wide, of various primary water leaks, demonstrate, just like laboratory or
mock-up corrosion tests, that the damages incurred by low alloy steel could vary in a very large range
(typically from zero for dry salts conditions, up to some cm/year, or possibly more than 10 cm/year in case
of erosion corrosion), as a function of the leak rate and leak thermo-hydraulic conditions on hot vessel
walls.

IRSN, which reviewed some early data and crude models supplied and analyzed by EDF trying initially to
demonstrate the acceptability in terms of safety of some leak scenarios, realized the complexity and
uncertainty of the simplistic and fragile assumptions that had to be made in such a complex location in
order to predict the consequences of a leak®.

IRSN, came to the conclusions that the defense-in-depth concept should be applied in order to preclude
the occurrence of through wall longitudinal cracks, whose leak rate would remain uncontrolled, usually
difficult to detect early enough under the insulations, and whose consequences could not be mastered
and would ultimately worsen the safety scenarios, involving the risk of a control rod ejection.

5.2) Strategy of leak prevention: precluding the occurrence of through wall cracking

Consequently, after consultation of IRSN, of the Standing Groups of Experts for Reactor Safety (GPR)
and of the Standing Nuclear Section (SPN), the Safety Authority required that the main immediate course
of action to treat the Inconel vessel penetration in France should be based on the principle of preventing
any further penetration leak, with a safe margin. This requirement strongly oriented the "Inconel Zones
Review" actions toward the implementation of a comprehensive NDE program as the base line for the
Inconel Zones treatment.

5.3) First stage of the "Inconel Review"

In 1991, the only available PWSCC data base source was derived from the laboratory testing and field
experience worldwide on SG tubing, characterized by a strong dependence of time to cracking with
temperature between the hot leg and cold leg, and a well recognized scatter due the "Inconel" heat to
heat variations. 6 oldest 900 MWe (CPO0) units with a supposedly high temperature plenum estimated
then at around 315 °C, would be affected with a sufficient lead time with regard to the following 900 MWe
units (CP1- CP2) operating at a "low temperature plenum" estimated in the range 288-290 °C.

The then younger twenty 1 300 MWe (P4-P'4) hot plenum units, whose temperature was estimated in the
range 315-320°C, were initially considered "too young" to be inspected on a first priority. In other words,
only time/temperature and absence or presence of a final stress relief treatment were considered to rank
the "Inconel Zones".

However, with the agreement of EDF, ASN requested additional NDE investigations on a sampling basis
for the initially judged low risks units.

5.4) Development and refinement of the "Inconel Review":

From 1991 on, both EDF and the ASN agreed that the first crude PWSCC descriptive models had
to be reviewed, refined and include:

Q The intrinsic metallurgical and PWSCC sensitivity characteristics of thick forged or hot
rolled alloy 600 materials: as closely as possible, those materials should be representative of
the French CRDM, vent, and bottom head penetrations, and thoroughly assessed with regard to
the effect of the heats characteristics, the chemical composition, and the history of the thermo-
mechanical treatments (derived from the fabrication records),
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O A more accurate estimation of the stress fields and their uncertainties, particularly in the
singular geometries of the penetrations on the components, as fabricated, and a reasonable
assessment of the superficial stresses left behind by the final fabrication process.

ASN emphasized that the paramount sensitivity of the time to crack initiation t; on the actual surface and

bulk stress level o influencing t; at the power (", with n = 4 + ?), should be recognized and expressed in

terms of uncertainties for the estimation either of t; or of the relative stress index. Hence the need to
perform:

a A more accurate determination of the temperature dependence for PWSCC initiation time,

a A more accurate evaluation of the actual Inconel zone wall temperature at the location of the
highest stresses,

a A more realistic revision of the empirical description of the time to initiation, taking into
account the results of the extensive Inconel zones characterizations and the PWSCC initiation
experimental results on relevant material. The implementation of the latter goal required a
considerable R & D effort on conventional SCC specimen but also on mock-ups and weld

assemblies in order to determine the stress fields and stress magnitudesg.

Use of PWSCC initiation deterministic models as a predictive tool?

An improved empirical PWSCC initiation model was needed, for integrating the various R &D data, NDE
field return of experience, international feedback, but, above all, since the operator wanted to base some
of its inspection priorities on a credible determination of precursor zones.

The data thus collected would be compared, and expressed either in terms of either relative susceptibility
indexes, or of relative life time projections, for providing general guidance and priorities for subsequent
NDE program, rather than for predicting absolute time to first cracking occurrence.

Actually the effects of stochastic processes involved in crack initiation are particularly noticeable for nickel
base alloys PWSCC, already characterized by long incubation times and a large scatter of time to crack
initiation.

Even if the main PWSCC controlling parameters are well determined, as for example in carefully
controlled laboratory conditions, where stresses and materials conditions can be mastered, the times to
initiation for the various individual identical specimen can be largely distributed over large time scale
factors which may range up to factors of 10, possibly 100.

Consequently, assuming that the stress level and metallurgical PWSCC sensitivity are known on the as
fabricated component, the determination of the absolute time to cracking for a particular "Inconel Zone"
cannot be ascertained from the empirical deterministic models 3 without taking into account very large
time brackets. Ultimately, the final uncertainty brackets, whether expressed in time to crack initiation
estimates or zone sensitivity indexes should also include the uncertainty levels arising from the estimation
of the stress, temperature, metallurgical PWSCC sensitivity factors for a given component as fabricated.

Consequently, ASN and IRSN held the views that:

O The aggregate uncertainties in using the PWSCC initiation predictive models, compounded by
only best estimates for key input data such as superficial stress levels and material susceptibility
indexes, should be fully and clearly expressed before relying on assumed time to cracking figures
based on mathematical calculations to assess the PWSCC risk of cracking,

O Essential information such as crack orientation, location, number, size, depth, which are badly
needed can only be obtained by the recourse to a comprehensive NDE (incipient surface crack
detection, and volumetric detection and sizing) inspection program,

Q In addition, the confrontation of NDE results and component PWSCC initiation predictions should
be used to further validate and improve the realism and the reliability of the empirical models as it
has been practiced several times by EDF and Framatome in the development of the Inconel zone
reviewg’lo,

o A full NDE inspection program should be performed on a 100 % basis for the most PWSCC prone
components or alternatively on a sampling basis for less sensitive components, as initially guided
and prioritized by the best validated PWSCC models, awaiting for a completion of a NDE based
condition assessment of the various zones.
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5.5) Focus on the implementation of a comprehensive Inspection Proqramll

The review by ASN and IRSN of the "Inconel Zones" technical assessment and treatment strategy, made
by EDF, lead the operator to focus its investigations and main actions toward the implementation of a
preventive maintenance approach based on actual Inconel zones early flaw detections and sizing by
NDE.

Extension of the initial NDE program to youngest or supposedly less sensitive units:

The assumed time to cracking high dependence on temperature, derived from early PWSCC initiation
models based on laboratory tests performed mostly in more aggressive conditions (High temperature
range, even in contaminated steam, on severely stressed specimen like "Reverse U Bends") lead to the
belief that low temperature plenum units (288-290 °C) would be less concerned by PWSCC occurrence.

However, the application of the principle of precaution, first initiated on a random sampling basis to
the supposedly low risk (only assessed by temperature/ operating time considerations) lead to the
discovery in the field (in BLAYAIS unit 1), that crack initiation times and propagation rates did not seem to
follow such a strong temperature dependence as it could be anticipated by the "predictive PWSCC
models" based on laboratory experiments.

Consequently, ASN and EDF agreed not to further differentiate between the data obtained from the
various series, all the more that the majority of plant (20 P4-P'4 units), which initially operated at a high
temperature plenum, were progressively converted to low temperature plenums.

Thus, a complete first fleet status assessment for all the vessel head penetrations conditions with
regard to cracking by PWSCC would have to be performed, whatever the assumed penetration
wall temperature.

EDF reviewed recently the temperatures estimates, following some additional thermo hydraulic
investigations, with the benefits of thermometric instrumentations on some CRDM penetrations, confirmed
that the "cold plenum penetration wall temperatures were close to 290 °C, but re-estimated the hot
plenum wall temperatures at the level of the weld at values close to 300 °C, thereby reducing the
temperature difference estimates to only 10 °ct?,

Most vessel heads were found affected by a small ratio of cracked penetrations, mostly peripherically
located, where the residual stresses were estimated the highest. Some young 1300 MWe units just like
Cattenom did exhibit cracking as soon as after 30 000 hours of operation, whereas one the oldest French

units (Fessenheim) did only show a first incipient crack after some 130 000 hours of operationlz.

Since Vessel penetration cracking by PWSCC could not be at once mitigated for all vessel heads,
re-inspection schedules had to be determined:
O First, by the previous PWSCC degradation state assessed by NDE,
O Second, by the input of maximum CGR derived from laboratory testing and from some field crack
propagation data of shallow cracks left in service, sized by UT at periodic intervals.

5.6) Crack growth rates (CGR) data as a function of relevant materials, temperature range and
stress fields:

A crack growth rate database was progressively constituted by EDF and Framatome, mainly for the base
metal with the involvement of various European laboratories, and compared with worldwide data.

This allowed to include a reasonable scatter band either obtained from experimental laboratory
testing and/or by periodic sizing using the Ultrasonic NDE for some field cracks left in service in
some units, in particular mostly on BLAYAIS unit 1,and some other units which operated from the
beginning in cold plenum conditions™3.

This set of data allowed EDF with the agreement of ASN to define objective criteria (in terms of
maximum CGR) to safely leave in place acceptable flaws or cracks and set crack dimensions thresholds
beyond which penetration repair or replacement ought to be performed.
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The maximum in depth CGR measured in service (in Blayais 1) was 3.7 mm per one-year fuel cycle
(8000 hour) whereas most of mean CGR values were in the order of magnitude of 1.5-2 mm per year 12
13, though many instances of crack arrest have also been observed.

Typically, one can expect some scatter, or uncertainties in determining the CGR (da/dt) as a function of

the assumed Stress Intensity level K as shown on figure 2, comparing field data to some upper bound
laboratory data.
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Fig. 2: Comparison between laboratory and field experience (by courtesy of EDF, this conference ref.lz),

Showing the representation of CGR versus the estimated K values for field and laboratory data,
expressed either at the assumed temperatures respectively of 300°C and 290°C, some data being
converted to 290°C.

5.7) Present NDE inspection program criteria, now in a phase of renewed inspection regime;

The present inspection interval rules, now proposed by EDF, which has been approved by ASN on the
basis of the CGR data obtained from the R &D program and from the field operational experience, are
derived on a maximum (in depth) CGR of 4 mm/8 000 hours as follows, respectively for a standard 12
month or prolonged 18 month fuel cycle:

Previous status of Vessel Head Interval between 2 consecutive Inspections or action, as a
degradation function of the length of the Fuel cycle
12 months 18 months
No previously detected cracks 3 years intervals 2 cycles
3 mm <Crack depth < 5 mm 2 years intervals 1 fuel cycle
Crack depth > 5 mm 1 year interval
When the remaining sound Immediate replacement of the vessel head
penetration ligament <4mm

In the present situation, the maximum crack depth left in service is not currently exceeding 5 mm.

5.8) Mitigation measures:15
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Various mitigating measures have been proposed by EDF both as short term measures and for the
long term treatment, which have been carefully examined by the French Safety Authority and IRSN, some
of them being considered as interim measures: the most significant step being:
Q Upper plenum temperature reduction,
O A speeded up qualification of base metal alloy 690 and related weld materials alloys 52 and 152
for penetration applications in line with the SG replacement applications already under way,
0 Implementation of alloys 690/ 152 & 52 for vessel head penetrations on newly built units. (4 N4
units) and for BMI on the last 2 N4 units,
O Vessel Head replacement by new one with Alloy 690 penetrations welded with alloys 152/52,
O Reliance on a comprehensive NDE program to ensure that no further CRDM leak would occur,
awaiting the complete replacement of the vessel heads.

Interim measures:
Pending the implementation of those long-term countermeasures, some other interim measures have
been temporarily accepted by ASN in the initial transient periods in the early 1990s, such as:

O Temporary measures for CRDM leak detection using N13 gamma counting systems capable of
detecting a leak rate of about 1 kg per hour, if placed in the vicinity of the most suspected
penetrations,

O Temporary installation of anti-ejection devices,

O Temporary CRDM repairs.

Those temporary equipments and repairs have been later dismantled or removed as soon as the vessel
heads were replaced, or when the routine NDE program was put in place, giving the assurance that
PWSCC induced leakage could be excluded.

5.9) Vessel Head Replacements:

Very early in the review of the long term solutions which were discussed between EDF and DGSNR and
IRSN, many interim measures have been accepted by ASN, taking into account EDF's pledge to
suppress the root cause of PWSCC by elimination of the most PWSCC prone zone and replace the
vessel heads using this time alloy 690 penetration material, resistant if not immune to PWSCC associated
with 30 % Cr rich weld materials, 152 & 52 alloys.

The relatively young age of the French fleet, the financial and radiation exposure constraints and the
logistic burden of repeating regularly full scale NDE assessments of the vessel head integrity over a long
period of time, drove also obviously EDF to implement timely a planned vessel head replacement policy.
In addition to the first replacement of Bugey 3 vessel head, some reactor vessels in the Bugey 4, Paluel 4
and Flamanville | units, were repaired in 1992.

In practice, the repair process has been abandoned in favor of the program to replace progressively the
most affected, vessel heads, usually with some anticipation with regard to the replacement criteria.

So far, 42 vessel heads out of 54 original alloy 600 containing heads have been replaced, which
provides a definite improvement to significantly reduce the risks of pressure boundary failure and
leaks from PWSCC.

This approach is also comforted by the positive results of the inspection of the Replacement
Steam Generators (RSG) equipped with a tube bundle in alloy 690 TT, put into service since 1990
(Dampierre 1), expecting now in 2003 a fleet of 11 units with RSG (33 SG) adding to the existing 6 units
(24 SG) originally equipped with alloy 690 tube bundle, so altogether, 57 SG for 17 units.

5.10) Inspection of Replaced Vessel Heads with Alloy 690 Penetrations:
Some inspections of the oldest replacement vessel heads have been programmed to confirm the
anticipated good behavior of the Alloy 690 penetrations and the soundness of the welds:
Q In 2002, the full inspection by NDE of the BUGEY 3 replaced vessel head took place and did not
reveal any defect.
Q The inspections of 2 other "old" replacement vessel heads respectively for Blayais unit 2 and
Gravelines unit 4 which have been recently performed in 2003.did confirm, so far, the expected
good resistance to PWSCC.
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6. THE PRESENT STATUS OF THE INCONEL ZONE TREATMENT

After some 13 years of "Inconel Zones" treatment and review and continuous assessment of the, so far,
remaining un-replaced 12 vessel heads, there is a reasonable confidence that the CRDM penetration
PWSCC problem will be soon definitively settled in France in the coming years.

Therefore the present focus is being laid upon the next priority zones as defined by the ranking of the
Inconel review based on the fabrication records, the material sensitivity to PWSCC, and the evaluation of
the stress state.

Presently the Inconel Review has already been implemented in priority on:
O The Bottom Vessel Heads (BVH), also called the Bottom Mounted Instrumentation (BMI)
Penetrations,
O The Steam Generator Partition Plate and its welded zones.

The examination or other Inconel Zones, which will be processed in more details at a later stage, will not
be reported here, since EDF is currently reviewing the safety consequences, the need for NDE
capabilities and for tooling adaptations, and in some cases, feasibility studies for possible repairs or
mitigation techniques.

6.1) Bottom Mounted Instrument (BMI) Penetrations:

The Inconel Review concerning the BMI reveals the following favorable characteristics and some
particular cases:

Q The BVHP materials are estimated intrinsically more homogeneous, less PWSCC sensitive by a
factor close to 4 than most of the CRDM penetration base metal heats, due to a different
fabrication process, as determined by PWSCC experiments, on O rings representative of the
bottom penetrations and on welded mock-ups,

O The 600 °C stress relief post weld treatment, intended essentially for the low alloy steel welded
structure stress relief, reduces somewhat also the residual stress level of the penetrations,

o A small number of BVHP have been replaced after this partial stress relief, and did not benefit of
any final stress relief at all, some others were submitted to some mechanical straightening up
after the vessel post weld treatment.

BMI Penetrations NDE inspections:

Although a large investigation has been performed to assess the metallurgical features, the level of
residual stresses in all situations (stress relieved, non stress relieved replacement penetrations or
repaired after the vessel stress relief), in order to anticipate any unforeseen degradation, it has been
decided in France to proceed initially on a sampling basis to the inspection by NDE of all the bottom
penetrations of some vessels, with a priority to the units which comprise penetrations zones replaced or
repaired after the stress relief **, such as BUGEY 3 (14 penetrations out of 50).

These inspections by NDE techniques are aiming at:

O Detecting, localizing and sizing potential cracks initiated from the Internal Diameter or
alternatively on the outer BMI walls, whose orientation may be longitudinal or circumferential,

O Detecting flaws, which may be localized at the weld/BMI penetration interface, possibly due to
welding defects of the type "lack of fusion", which may cause, according to their numbers and
distributions, some partial leak path along the interface.

The following schematic drawing represents the extent of the anticipated BMI zones covered by the NDE:
O 1 search zone for OD initiated cracks,
Q 2 zone where interfacial [weld/penetration] weld defects may appear,
Q 3 search zone for ID initiated cracks) .
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Figure 3, showing schematically the BMI zones covered by NDE examinations

The following NDE techniques have been implemented as follows:
Q Eddy Current are being used to detect ID initiated cracks, whereas UltrasonicTestings (UT) are
implemented for both detection and sizing,
O OD initiated cracks can only be detected and sized by UT,
O 0 degree longitudinal waves UT are used to detect and size the possible weld defects at the BMI
penetration/weld interface,
O High-resolution remote video inspections are also implemented for local singular examinations.

So far 15 BVH inspections have been performed (including the 1992, 94, 97 re-inspections on
Bugey 3) using eddy current and ultrasonic techniques together with high definition video examination.
So far, on the selected 12 older units comprising non-stress relieved penetrations, no indications
characteristic of PWSCC have been found, although some "non-surface breaking" indications could be
detected and related to the fabrication stage.

Continued Inspection Schedule:

Presently and in the near future, a continued inspection and re-inspection schedule is planned by EDF
until year 2008, at the initiative of an ASN decision issued in 2001, following the recommendation of the
Advisory Group on Nuclear Pressure Vessels (SPN), which required:

Q The NDE inspection of 12 BVH at higher risk of PWSCC, some before year 2005, the
remainder till year 2008,

Q The periodicity for two successive NDE should not exceed ten years,

Q In the frame of the preparation of the third complete visit (usually performed during the
third decennial extended outage), taking into account the latest experience feedback, the
operator would have to submit to ASN, for approval, a complete BVH penetration
inspection schedule for the whole fleet.

Preparation for mitigation and repair measures:

In line with the objectives of the "Inconel Review" the operator has undertaken by anticipation, some pre
studies to assess the feasibility of some mitigating measures; such as penetration plugging, repairs, or
replacements, which should be further studied and submitted to ASN, some of them being already
qualified.

N13 Leak monitoring:

443



From 1994 on, the N13 leak monitor system, previously installed in Bugey 3, for the vessel head
surveillance, has been temporarily reinstalled under the bottom of the vessel to monitor any leak close to
the 14 non stress relieved penetrations, to check its performance, and serve as a reference for further
developments or installations, if need be.

6.2) Steam Generator Partition Plate (SGPP):

Although a postulated leak by PWSCC would not pose an immediate safety risk, the non stress relieved
SGPP plate zone close to the alloy 182 welds (in particular at the so called triple point), represents in the
Inconel Zone Review performed by EDF, a precursor zone relative to the stress relieved RBHP. The
SGPP can be rather easily inspected and deliver information on incipient cracking, thereby alerting the
attention for other Inconel zones to be further inspected. This could be the case for namely the Reactor
Bottom Head Penetrations materials that followed a final fabrication process by hot rolling very similar to
the basic process for the SGPP.

Hence the commitment of EDF to inspect by dye penetrant technique, retired SG partition plates, and
until year 2008, the 26 SG in service, also deemed precursor zones.

7. FUTURE PROSPECTS AND NEEDS

So far, in the "Inconel zones review" and its treatment in France, the focus has been laid mainly on base
metal degradations as they appeared in the field, in particularly in the vicinity of highly stressed zones,
which in many cases are adjacent to welds, in complex geometries.

Consequently, laboratory investigations were initially more developed to assess the base material and
component behavior toward PWSCC, although some similar laboratory works are now in progress in
Francel‘r’,16 and worldwide to better assess the PWSCC sensitivity of the weld materials intrinsically, with
or without the effect of various stress relief states.

7.1) Focus in the future for Weld metal behavior:

In France, so far, the satisfactory resistance to PWSCC of the alloys 182 and 82 weld buttering and
deposits in the field is not yet fully understood, if we take into account the proved sensitivity of alloy 182,
comparable to alloy 600, assessed world wide at the laboratory stage.

Furthermore, a detailed analysis of the worldwide return of experience concerning PWSCC cracking
initiations and propagations observed abroad (in particular the USA and Sweden for the Dissimilar Metal
Welds made with alloy 182), and also recently in the USA in some CRDM welds themselves will be
needed and followed with care by EDF and the French Nuclear Safety.

7.2) Need to better assess the PWSCC temperature dependence, in the low temperature range:

From the French experience perspective, where most of the highest temperature zones with no stress
relief are in the process to be fully treated or replaced, the future focus should be placed on lowest
temperature zones, on a better assessment of the temperature dependence of both PWSCC initiation and
propagation, since the weak apparent difference observed in the field between "hot" and "cold " plenum
Vessel Head Penetrations cracking has not been fully understood. Some clarification in that area
would help to refine the prediction of bottom head penetrations and give more confidence to
define the In Service Inspection needs and priorities. One possible explanation might arise from a
"smaller than initially anticipated temperature difference in the field" (refer to § 4), between hot & cold

plenum wall temperatures, in the order of 10 °C, instead of some 25-30 °ct?,

7.3) Ageing and life extension issues:

In the prospect of ageing issues, and life extension, safety organizations and operators would need some
further data and hard facts from the operational experience and NDE status of oldest components in the
world to better anticipate in the long term the PWSCC behavior of so far un-replaced components, which
might be less sensitive to cracking than presently vessel head penetrations. For that purpose, ASN is
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ready to follow up and take benefits from the experience feedback given by some failure investigations
performed in the world, and in particular in welded zones (North Anna 2) and on a South Texas Project
unit 1, for the Bottom Vessel Head penetrations.

7.4) Hence some suggestions for continued emphasis on the following areas of investigation to
fully exploit worldwide return of experience:

O Review and refine the assessment of temperature dependence for both crack initiation and
propagation from 325, 290 down to 250 °C,

O Review with more accuracy the assumed wall temperatures and perform measurements relevant
to the actual components wall temperature,

O Improve and extend the laboratory database for crack propagation as a function of temperature,
down to temperatures around 290 °C, and below, in particular for weld materials, as it has been
proposed within an international specialists group "ICG-EAC",

O Review the characteristics of the Bottom Head Penetrations (metallurgical features, residual
stress, temperature) and NDE results of those units that have been inspected following the
suspicion of bottom vessel leaks such as South Texas unit 1,

O Take into account the possible accelerating effect on PWSCC crack initiation and propagation of
superimposed low frequency cyclic loading/unloading, or ripple load effect, in particular for the
low temperature components™ .

Q Improve, as already initiated by EDF, the characterization of superficial cold work and superficial
residual stresses, both for laboratory PWSCC database, and component stress assessment,
since the superficial stresses are controlling the time to initiation,

O Express both laboratory and plant CGR data not only in terms of mean CGR, but above all in
terms of maximum CGR, since it is important to preclude any unanticipated through wall cracking
and leak occurrence,

O For safe plant operation, more emphasis should be given to the improvement of crack initiation
anticipation methodology and to the early detection of incipient cracks in plants, since, so far, a
great emphasis has been given to crack CGR extrapolations from laboratory data.

7.5) Suggested focus for improving the PWSCC return of experience worldwide:

From the French perspective, the recurrence of PWSCC initiation and propagation in the welds
themselves observed abroad would constitute a unique source of return of experience, when the detailed
characteristics of the materials, stresses, and environmental conditions are available in order to better
predict the behavior of similar materials as they age.

A closer attention should be paid to the NDE results, the In Service Inspection programs in the world
concerning the Bottom Head Penetrations, their results, and the qualification of repair methods.

8. CONCLUSIONS

O Precluding leakage:
From the very beginning in 1991, the French Safety Authority did not accept the principle
proposed by some operators in the world to allow leakage through the vessel penetrations and
rely solely on boric acid deposits inspection as a means to detect the degraded components,
since the safety consequences of a leak would strongly depend on the evolution of the leak rate,
thus left uncontrolled, under thermal insulation,
Past experience, the Oconee and Davis Besse cases, illustrate the fact that some leak conditions
would worsen the mere safety case of a longitudinal near through wall ID initiated crack,
Actually, waiting for a leak to occur under insulation materials, all the more in absence of
sensitive leak detectors, would not provide an early warning with regard to the PWSCC status of
a given component, or PWR fleet, to anticipate timely the necessary corrective or mitigation
measures.
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O Requlatory hydro test:

The first and only, early discovery of a CRDM penetration leak, in France, on Bugey unit 3 in
1991, during the decennial outage, was made possible by the French regulation requirement that
a hydraulic testing, at 207 bars, be performed after 10 years of operation, implying in principle the
removal of the thermal insulation and visual inspection of the external pressure retaining
boundary. The hydro test did fulfil its goal as an in-depth-defence disposition to detect any
through wall defect of the pressure retaining boundary which was unanticipated or at least not
covered by a specific periodic maintenance and surveillance program,

QO Considerable R&D to support PWSCC initiation prediction:
The Bugey 3 event has triggered a steady and considerable investigation effort by EDF and
Framatome in Frances’lz, which started by the reactivation of the proactive project named
"Inconel Zones Review" requested by the French Nuclear Safety organisations.
An enlarged data base has been established to describe empirically a relative relationship
between crack initiation, temperature; heat characteristics, surface "effective" stresses, taking
also into account some effects of the mechanical surface treatment. It has been achieved through
a comprehensive PWSCC laboratory investigation carried out mainly on a large number of heats
of alloy 600 base metal representative of vessel penetrations and other thick components and
also on some alloy 82, 182 weld materials.
In a complete review of the various PWSCC prone Inconel Zones for all the 58 PWRs, EDF and
Framatome have tried to feed the estimates of the above quoted parameters in the PWSCC
model and derived some estimates of the time to "detectable crack initiation" mainly for the
purpose to determine "precursor zones" and relative zones ranking,

O Limitations of PWSCC prediction to Inconel Zones ranking:

Despite the sophistication of the descriptive PWSCC models lately developed by EDF and
Framatome-ANP, which in turn require the input of Inconel zones PWSCC characteristics " as
fabricated" and their uncertainties difficult to quantify, IRSN and DGSNR concluded that this
"predictive approach alone " could not provide a reliable absolute prediction of time to cracking or
time for inspection, but rather constitute a rationale to integrate and compare PWSCC data, and
essentially a guide and a ranking tool to set priorities for the definition of the In Service Inspection
(ISI) program,

O Recourseto extensive ISI:
Instead, a policy of comprehensive implementation of the NDE techniques was judged as a
necessary step to ensure safe and controlled soundness of components since the predictability of
PWSCC initiation is confronted to large uncertainties. Once the degradation status of the PWSCC
prone components are established from ISI, a flexible re-inspection program can be adjusted,
using the upper bound values for crack propagation,

Q Timely replacement of the PWSCC affected Vessel Heads:
The necessity to repeat a rigorous NDE program all over the remaining life time of the reactor
constitutes an incentive for the operator to resort to a more definitive timely mitigation by
eliminating the most PWSCC prone zones by component total or partial replacement, as
exemplified by EDF policy to replace timely all the vessel heads equipped with alloy 600/182
penetrations,

0O Bottom Head Mounted Instrumentation (BMI) Penetrations:
An increased attention should be paid to review the present ISI requirements in all countries
(sampling rate, NDE periodicity for stress relieved and non-stress relieved bottom penetrations) in
the light of some leaks and crack suspicions discovered abroad, pending confirmation that
PWSCC is involved in the degradation of those Inconel zones.
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