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ABSTRACT

These two volumes of proceedings contain the visual projections (in Volume I), and the contributed
manuscripts (in Volume IT) from the Conference on Vessel Head Penetration, Crack Growth and Repair,
held at the Gaithersburg Marriott at Washingtonian Center on September 29 — October 2, 2003. The
conference was co-sponsored by the U. S. Nuclear Regulatory Commission and Argonne National
Laboratory. Over two hundred attendees were provided with 45 presentations, divided into five sessions:
(I) Inspection Techniques, Results, and Future Developments, (IT) Continued Plant Operation, (IIT)
Structural Analysis and Fracture Mechanics Issues, (IV) Crack Growth Rate Studies for the Disposition of
Flaws, and (V) Mitigation of Nickel-Base Alloy Degradation and Foreign Experience. The conference
opened with a plenary session including presentations giving the overview from the NRC Office of
Nuclear Regulatory Research, and an overview of nickel-base alloy cracking issues worldwide. The
conference closed with a panel session consisting of industry representatives and NRC management
discussing the prognosis for future issues in this area of concern.



FOREWORD

Stress-corrosion cracking of nickel-base alloys used in both wrought and welded vessel penetration
components has been an increasing and worldwide challenge for the nuclear industry and regulatory
authorities since the mid-1980s. Cracks and resultant leaks were initially discovered in components
fabricated from Alloys 600 and 182 exposed to higher temperatures, particularly in pressurizer heater
sleeves and nozzles. Over time, cracks and leaks have also been discovered in components operating
at lower temperatures, including vessel head and bottom-mounted instrumentation penetrations.

Given the safety-significance of this issue, the U.S. Nuclear Regulatory Commission (NRC) hosted

a 4-day conference on September 29 - October 2, 2003, to provide a forum for presentations and
discussions concerning inspection, stress analysis, flaw evaluation, and mitigation of stress-corrosion
cracks in vessel penetrations. This conference also provided a valuable opportunity for participants from
several venues — regulatory, research, and plant operations — to meet face-to-face to formally and
informally exchange data and concepts with the individuals who are at the forefront of the cracking issue.

As such, the conference brought together much of the worldwide expertise in the area of nickel-base alloy
cracking. More than 200 individuals attended the 4-day conference, which included 45 presentations that
provided a wide-ranging perspective on the issue. Many of the presentations were prepared

by researchers involved in crack growth rate studies and nondestructive inspection; those presentations
described successes and difficulties in developing testing and inspection procedures. Several discussed
the stochastic nature and statistical analysis of cracking incidents, predictive algorithms for this type

of degradation, and the prognosis for the future, including head replacement strategies, mitigation of

the cracking process, and the likelihood of increased resistance to cracking of the replacement materials
(Alloys 690 and 152). Other presentations were prepared by reactor component vendors, utility
representatives, and regulatory participants, who described plant responses to component degradation,
structural integrity evaluation, or the repair and mitigation of cracking. Many of those presentations

were marked by completeness and candor in the discussion of observed problems and the related
solutions. In addition, several presentations described the experiences of non-domestic institutions,
providing contrasts and alternative approaches to the same problem.

The complete proceedings package consists of all conference presentations and available manuscripts,
in both printed and electronic formats. The broad, public distribution of the proceedings ensures

that the presentations will be subject to the greatest possible scrutiny and accreditation. As a result,
the conference organizers believe that these proceedings will give readers an overview of the current
status of inspection technology and crack growth rate studies, as well as an understanding of reactor
safety and the economic impact of the degradation of nickel-base alloys on plant operation.

AL

, Carl ¥, Paperiello, Director
Office of Nuclear Regulatory Research
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EXECUTIVE SUMMARY

The purpose for this conference was to examine the current state of technology for vessel head
penetrations with respect to inspection, cracking, and repair. This subject is being examined because of
penetration cracking which has been occurring for over a decade. The first reactor head penetrations to
show signs of leakage occurred in France in the early 90’s at Bugey 3. After this incident the French
inspected a large number of their penetrations and reported that roughly 3% of their inspected nozzles had
some type of indication. Because of the cracking in France, many power plants in the US and elsewhere
started to examine penetrations and found ultimately that a large number were similarly cracked. The
next leakage from a vessel head penetration occurred in the United States at Oconee 3 in 2000. Following
Oconee there have been many other plants with cracked or leaking penetrations. This type of degradation
led to one of the most serious nuclear incidents in the U.S. at Davis Besse. A crack in a vessel head
penetration, possibly combined with the presence of substantial boric acid deposits, led to corrosion of the
low-alloy steel, and the formation of a large cavity in the reactor head. Another significant event included
the first leaking bottom mounted instrument penetrations discovered at the South Texas Project Plant in
the United States. These instances of failure are a concern to the public, industry, and regulators.
Knowledge gained from this conference will help reduce future incidents from occurring. The five
sessions listed below were held at the conference and covered several topical areas.

Session I: Inspection Techniques, Results, and Future Developments

Session II: Continued Plant Operation

Session III: Structural Analysis and Fracture Mechanics Issues

Session IV: Crack Growth Rate Studies for the Disposition of Flaws

Session V: Mitigation of Nickel-base Alloy Degradation and Foreign Experience

The first session examined the area of inspection techniques for the vessel head penetrations. This is
important research, since inspection capability is one of the first lines-of-defense against vessel head
penetration leakage. A range of topics were discussed including how nondestructive examination (NDE)
has evolved over time. Advancements in NDE were examined which included Phased Array Ultrasonic
Testing and Eddy Current Testing Arrays. With regards to the area of NDE testing tools, cracked
penetration mockups and performance demonstrations were discussed. This included examining new
techniques for developing realistic flaws. The issue of reliability of NDE data was another topic of
concern. This led into presentations about in-service inspections (ISI). One main area of discussion for
ISI is the frequency of inspections. One question that was raised asked what should be the bases for
determining the inspection frequency. Should the ISI be based on avoiding any leakage at a plant or
should it be based on avoiding core damage? The discussion of inspection techniques carried over to the
next session of Continued Plant Operation.

The second session examined Continued Plant Operation, and one of the first presentations
examined the analytical and repair approaches for continued plant operation. Included in this session was
a description of the cracking which occurred at South Texas Project in the bottom mounted instrument
(BMI) nozzles. The repair techniques for these bottom mounted nozzles were discussed in detail. With
regards to upper head penetrations, there is an understanding that evaluation methods are being developed
and will be included in section XI of the ASME code sometime in 2004. The French discussed the initial
leak at Bugey and investigations which followed. In France it was determined that the best choice of
action was to replace the vessel heads with Alloy 690 nozzles and Alloy 152 weld material. The subject
of how power plants in the United States have reacted to the nickel-based material cracking issues was
similarly covered. In examining how to operate after repair or mitigation, taking into consideration cost
and downtime, the optimum solution to this problem was to reduce the reactor vessel head temperatures.
There were two repair techniques presented, which included embedded flaw repair and weld overlay
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repair. In determining the acceptable usage for these two repair techniques, structural analysis must be
taken into consideration, a discussion which provided a segue into the next session.

Structural Analysis and Fracture Mechanics Issues was the title of session three. The initial
presentations focused on using probabilistic analysis to determine the probability that the head
penetrations will either leak or be ejected. It seems that through this type of analysis, in conjunction with
reasonable inspection plans, the top heads meet the safety limit for nozzle ejection. However, there are
conservatisms still inherent in these calculations. The next topic focused on residual stresses present in
the nozzle and how they may affect cracking. There are different variables that need to be considered to
determine accurately the hoop and axial residual stresses. Some of these variables are nozzle thermal
properties, welding procedure, joint configuration, and mechanical properties. The research presented
suggests that residual hoop stresses are larger then the residual axial stresses. In the peripheral nozzles
the stresses will depend upon the location in the nozzle, with respect to the downhill or uphill side.
Specifically, as the weld height increased the axial stresses decreased while the hoop stresses increased.
A logical consequence is that some type of medium weld height might be used in order to achieve a
balance between both hoop and axial residual stresses. The session included discussion on the subject of
ductile-dip-cracking, which seems to be a much larger problem for alloys 152/52 then it is for alloy
182/82. There was also some examination of the leak before break (LBB) concept. Initial LBB
calculations utilized cracks which were more characteristic of fatigue cracks than PWSCC cracks. A
reanalysis of LBB using PWSCC crack geometries leads to some new results. The presentation noted that
it is difficult to satisfy LBB criteria using the PWSCC crack geometries. Another feature is that PWSCC
could result in long circumferential surface cracks which may be more prone to failure than than the
currently-utilized, simple, through-wall circumferential crack. The LBB screening criteria is not satisfied
by this type of circumferential cracking. Finally, the last subject in this session examined the subject of
predicting first failure by creating an all inclusive equation. This equation would predict failure by using
past experience as a guide. Auxiliary equations would take into consideration variables such as
temperature or stress, which affect failure. These small individual equations would be combined to create
an overall cracking equation. However, this work is still in the beginning phase of development.

The fourth session of the conference was titled Crack Growth Rate Studies for the disposition of
flaws. This is a very important subject because crack growth rates can be used to predict when an
identified crack will lead to leakage of reactor coolant solution. A discussion of the history of Alloy 600
cracking at plants in the United States and France was followed by a description of new testing techniques

for stress corrosion cracking growth rates (SCCGR). This description included the design details of
compliant, self-loaded compact tension (CT) specimens and the conduct of accelerated crack growth tests

with a clearly-defined acceleration factor. With regards to SCCGR evaluation procedures, there was
discussion about using a maximum or average SCCGR. There was also discussion about the pros and
cons of periodic unloading for more continuous crack tip activation. The next subject covered examined
the SCCGRs for the materials such as Alloy 600, 182, 152, 132, 82, and 52. The conclusion is that
SCCGR for alloy 182 is larger then alloy 82. Alloy 132 has a SCCGR on the order of Alloy 182 SCCGR.
The crack growth rates in the heat affected zone (HAZ) in Alloy 600 may be 30 times larger then the non-
HAZ material. Alloy 52M has been tested but no cracking was found in this material. In service, an alloy
182 weld with 5-10 effective full power years (EFPY) cracked. Alloy 600 showed cracking in a material
with 6-13 EFPY. The participants discussed the effect of dissolved hydrogen on SCCGRs in this session.
There was agreement that the SCCGRs are maximized when exposed to electrochemical conditions
around the Ni/NiO equilibrium line on a Pourbaix diagram. Another subject covered was models for
SCCGRs. The physical and mechanical-chemical models discussed are useful tools that can be utilized to
examine the SCCGR inter-workings. The combination of models with the SCCGR data should provide a
more accurate assessment of SCCGR curves.
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The final session for the conference examined Mitigation of Nickel-Base Alloy Degradation and
Foreign Experience. During previous sessions the experiences from both the United States and France
had been presented. This session allowed other countries affected by the same degradation to present the
issues occurring in their country. This foreign experience included presentations from Belgium, Germany,
Sweden, and Japan. In Belgium, a proactive approach has been taken to repair, replace, or mitigate any
alloy 600 cracking before leakage occurs. In Germany, the Obrigheim power plant is the only plant in
that country which contains Alloy 600 in the reactor vessel head penetrations. As a result, Obrigheim
uses leakage detection systems. In Japan, reactor heads were replaced in older plants, while newer plants
have lowered the reactor vessel head temperature. Minor indications in the bottom mounted instrument
nozzles have also been discovered in Japan. Sweden plants replaced the reactor vessel heads. The next
subject of this session was mitigation techniques for nickel-based alloy degradation. One of the main
directions industry is headed is to replace Alloy 600 parts with Alloy 690. Other then replacing the
material, there are three ways to alleviate degradation. These mitigation strategies are mechanical surface
enhancement, environmental barriers or coatings, or changes to the environment. The geometry of the
component influences the choice of a particular strategy. One type of mitigation technique that has been
employed is to reduce the head temperature of the vessel. This has the effect of reducing the rate of
increase of effective degradation years. Another mitigation technique which is being tested is low-level
zinc additions to the primary coolant. There has been some evidence that zinc reduces the initiation time
for PWSCC. However, there is less evidence that zinc additions reduce the PWSCC crack growth rate.
The last mitigation technique discussed was the mechanical stress improvement procedure (MSIP). MSIP
has been demonstrated on thick walled PWR piping. The results from this demonstration show that
compressive stresses are formed in the inner weld region and that the profile of the pipe after MSIP is still
acceptable for in-service inspections.
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OUTLINE

Background

Order EA-03-009 (issued February 11, 2003)

» Inspection requirements

»  Relaxation requests

» Possible Modifications to Order EA-03-009

Ou‘tlook

Bulletin 2003-02
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BACKGROUND

Fall 2000
» Oconee Unit 1 identifies deposits - axial leak

Spring 2001

~» Oconee Unit 2 and 3 identify circumferential cracks

> ANO Unit 1 identifies a leaking nozzle

NRC issues Bulletin 2001-01 - August 2001

» Focus is safety issue (circumferential cracks) for high
susceptibility plants

» Visual examinations considered acceptable

Fall 2001 |
»  Circumferential cracks identified - Crystal River 3 and Oconee 3
» Leaks and repairs at Surry 1, North Anna 2 and TMI

-2-
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BACKGROUND (cont.)

Spring 2002
» Davis-Besse identifies RPV head wastage & circumferential
cracking |

NRC issues Bulletin 2002-01 - March 2002
» Focus is safety issue is RPV wastage for all plants

Spring 2002
» Millstone identifies part through-wall cracks (moderate plant)

NRC issues Bulletin 2002-02 - August 2002

» Focus is adequacy of inspection programs - methods (non-visual
NDE for high susceptibility) and frequency

» Licensee responses generally vague on future program, many
cite MRP-75 program
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- BACKGROUND (cont.)

Fall 2002
»  North Anna 2 identifies
v Prevalent weld cracking, & leak from a repaired nozzle
v Circumferential cracking at weld root without boron deposits
»  ANO Unit 1 identifies leak from a repaired nozzle
> Oconee Unit 2 identifies possible through-wall cracking without boron deposnts on the
- RPVhead
> Head corrosion at Sequoyah Unit 2 - above head boron source

- NRC issues Order EA-03-009 - February 2003

> Mandates inspections for all PWRs

Spring 2003
>  South Texas Project Unit 1 - boron deposits on the lower head

NRC issues Bulletin 2003-02 - August 2003
»  Focus is inspections of bottom head Alloy 600 nozzles of PWRs

Fall 2003
> Oconee Unit 1 - Leak from a plugged thermocouple nozzle
> (Alloy 690 plug and 152 weld)

_4-
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OVERVIEW OF ORDERS

Issued February 11, 2003
Issued to all PWRs

Adequate protection basis

» ASME Code inspections are inadequate

» Revisions to inspection requirements are not imminent

» RPV head degradation and nozzle cracking pose safety risks if
not promptly identified and corrected

Provides a clear regulatory framework pending the incorporation of
revised inspection requirements into 10 CFR 50.55a
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ORDER REQUIREMENTS

Evaluate susceptibility - effective degradation years (EDY), based on
operating temperature and time

High plants - bare metal visual AND non-visual NDE at EVERY RFO
Moderate plants'- BMV and non-visual NDE at alternating RFOs

Low plants - BMV by next 2 RFOs (repeat every 3 RFO or 5 years),
non-visual by 2008 (repeat every 4" RFO or 7 years)

Non-visual NDE is EITHER:
» Ultrasonic with evaluation of interference fit leakage, OR
» Wetted-surface examination
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Order EA-03-009
Required Inspection Surfaces

Bare Metal Visual

; J-groove Weld
Inspection Area

Ultrasonic Wetted Surface
Inspection Area Inspection Area
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ORDER REQUIREMENTS

Explicit requirements and criteria to inspect repaired nozzles/welds
Each RFO, must perform visual inspections to identify boric acid

leaks from components above the RPV head - follow-up actions

include inspections of potentially-affected RPV head areas and
nozzles

Flaw evaluation per NRC guidance (Strosnider letter fall 2001,
revised guidance in Barrett letter April 2003)

Orders also apply to new RPV heads, either Alioy 600 (Davis-Besse)
or Alloy 690 (North Anna 2 and many others)

Post-outage report 60 days after restart

_8-
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LICENSEE OPTIONS

Request Director of NRR to relax or rescind requirements of the
order based on “good cause”

Requests for relaxation for specific VHP nozzles will be evaluated

using procedures for proposed alternatives to the ASME Code in

accordance with 10 CFR 50.55a(a)(3)

» The proposed alternative will provide an acceptable level of
quality and safety

» Compliance would result in hardship or unusual difficulty without
a compensating increase in the level of quality and safety
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NEED FOR ORDERS

Past process of issuing Bulletins unwieldy, inconsistent, not stable,
and has no regulatory weight (licensee commitments only)

Rulemaking would take at least 1 or 2 years

Orders can be revised or rescinded as necessary

Although inspection plans for the next RFOs were generally
acceptable, NRC wanted to provide licensees with planning time to

meet order requirements

Concerns that above RPV head leakage could result in undetected
RPV head degradation

-10-
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RELAXATION REQUESTS

Limitations above the J-groove weld

» Centering tabs & step on nozzle ID

» Stress in non-inspected area below 28 ksi

» Hardship - would have required guide sleeve removal and
re-welding of a guide funnel onto nozzle

Limitations below the J-groove weld
»  Guide funnel threads (ID & OD) and tapers on end of nozzles
» Transducer coupling for time-of-flight-diffraction

Bare metal visual examinations

» Localized insulation and support shroud interferences

» Insulation prevents total access to RPV head surface
v Low frequency eddy current to demonstrate head integrity
v Enhanced UT to detect “triple-point” cracking

-11-
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Calvert Clhiffs
Order Inspection Limitations

L

Thermal/Guide Sleeve

-12-
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Farley Funnel Thread Inspection Limitation

Threaded Surface
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St. Lucie Unit 2
Typical RPV Nozzle With Threaded Guide Funnel
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. —~1.25 inch
Thre(jded GUlde Drowing Not 7o Scole

Cone Recess
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TOFD Transducer Coupling Limitations
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OUTLOOK

Goal is “permanent’ reqvuirements for inspections to ensure structural
integrity of the RPV head and VHP nozzles

ASME Code is working to develop inspection requirements

>

>

Has been based upon industry report (MRP-75)

NRC staff has provided comments - report is not acceptable as
submitted, acceptability is not certain

NRC has suspended review pending revisions by the industry based on
fall 2002 findings

ASME Code adoption of requirements may not be complete until 2004
or later

Inspection requirements will be implemented in 10 CFR 50.55a

>

Endorse the new ASME Code requirements (if acceptable) under
expedited implementation, OR

Codify alternative inspection requirements

Will take 1-2 years once acceptable requirements are identified

-17-
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POSSIBLE MODIFICATIONS TO ORDER EA-03-009

Initially mentioned with industry on June 12

Staff highlighted a high volume of similar relaxation requests for non-safety
significant portions of the VHP nozzles and a potential for the industry to
provide a generic analysis that could provide a technical basis for
modifications to the Order - report received September 26

The modification would result in a significant reduction in the burden on both

the industry and the staff by reducing the number of repetitive evaluations,
without impacting the level of safety provided by the Order

18-
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POSSIBLE MODIFICATIONS TO ORDER EA-03-009

Allow combinations of non-visual NDE (UT and surface examinations) to be used
on a RPV head to obtain full coverage for the head

»  Order currently specifies UT or surface examinations of each VHP nozzle
or weld

Modify scope of bare metal visual examination for support structure interferences
(outside of VHP nozzle area) - examine above and below support structure

Refine scope of coverage for each VHP nozzle to some elevation above the
bottom of the nozzle, or some established stress level

» Limitations due to internal or external threads (for guide cones or funnels)
and bottom end chamfers restrict access and usefulness of examination
data - this was not anticipated prior to Order issuance

»  Possible modification would eliminate need to examine areas with low stress
and limited crack growth potential

-19-
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RECENT INDUSTRY PROPOSAL

Reduce frequency of UT or eddy current examinations for high susceptibility
plants with a prior CLEAN examination (no leaks or cracks)

» Proposed during teleconference July 8 - licensee submittal August 17

»  Small number of affected plants (4-57?), beginning this fall

»  Basis would be deterministic and/or probabilistic

» May be a generic approach or plant-specific

Considerations

» A high threshold for the acceptability of prior inspections - must be
consistent with the inspection criteria of the Order with current
state-of-the-art techniques

»  Are two clean Order inspections necessary?

-20-
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OTHER CONSIDERATIONS

® Use of Bulletins and early inspections for emergent issues intended
to establish prevalence of issue - avoid significant events

» Role of continuing “permanent” ISI activities is to re-establish
defense-in-depth considerations

» Tech. Spec requirements for no pressure boundary leakage

» GDC 14 - “extremely low probability of abnormal leakage”

® Cause for leakage from plugged thermocouple nozzle (Alloy 690
plug and 152 weld) at Oconee Unit 1

-21-
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BULLETIN 2003-02: INFORMATION REQUEST

RPV Iower head penetration inspections performed to
date and fmdlngs

Description of inspection program during next and
SUBSEQUENT refueling outages

If unable to perform BMV inspection of each penetration
during next refueling outage, describe inspections able
to perform and actions to be taken to permit inspection of
each penetration during subsequent refueling outages

If do not intend to perform either BMV or volumetric
exam, provide basis for concluding requirements are and

will continue to be met
-22-
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BULLETIN 2003-02 (continued)

« Within 30 days after plant restart following next lower
head inspection, summary of the inspections performed,
condltlons found, and any actions taken

» Provide response within 30 days if entering refueling
outage before end of 2003

* All other addressees, provide response within 90 days

-23-
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Outline

Q Background

Q Data Overview

Q Description of Compliant Self-Loaded Compact Tension Specimens
Q Context - EPRI Materials Reliability Program (MRP)

Q Use of Average Crack Growth Rate and Maximum-to-Average Ratio

Q Alloy 182 and Alloy 82 SCCGR Data
Q Comparison to data from other investigators
Q Comparison of the two alloys
Q Modeling approaches

Q Aqueous Hydrogen Effects on SCC of Ni-base alloys, including Alloy 82
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Background

1 Both Alloys 182 and 82 are susceptible to primary water SCC

d  VC Summer hot leg (http://www.nrc.gov/NRC/REACTOR/SUMMER/index.htm)
OD

Cross-Section
of Weld

Main Crack

€99

Alloy 82

Alloy 182 butter
Weld

repair

ID Surface
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Data Overview

A SCCGR data - compact tension (CT) specimens (most side-grooved)
Q Active load, bolt load, compliant self-loaded (CSLCTs) - precracked
Q Alloy 182 and 82 welds
Q Yield strengths of 454 to 530 (182) and 439 to 465 (82)
Q Carbon levels ~ 0.02 and 0.03 wt% (182) and ~ 0.045 wt% (82)
Q High temperature hydrogenated water (pH; ~ 6.6)
Q Single hydrogen concentration in each test (20, 30, 35, or 40 scc/kg)
Q Single temperature tests - 316 to 360°C
Q Average K; of 33 to 46 MPavm (182) and 23 to 55 MPavm (82)
Q All T-S Orientation (growth from root to crown; parallel to dendrites)
Q 11 Alloy 182 data points - 2 heats
Q 20 Alloy 82 data points - 3 heats
Q Subjected to screening criteria similar to that used by EPRI-MRP group

4 LOCKNEED MAW
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Compliant Self-Loaded Compact Tension Specimens
X750 g 3 ""
Ring ™%

LVDT

Loading Method:

e Compress ring using Instron machine, rotate bolt to apply ‘setup’ load to CT specimen

» Release Instron load slowly - CT specimen is loaded as ring expands

* Exact load is determined via measurement of ring spring constant and ring displacement
e Account for modulus changes due to heatup by increasing room temperature load

g LOCKHNEED M‘ﬂflﬂzi
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CSLCT Specimen Qualification

1 E-09 ) i
SCC Growth A ¢ Actively loaded
Rate, da/dt ® WCSLCT (Ring) loaded
(m/s) A L
“,“VAL"A
ot A
1E-10 5 ° Y
=t Alloy X-750 HTH
g - 1360°C, 50 scc/kg H,| -
——
1 E-11 Wrought Alloy 600 | ,
338°C,40scc/kgH,[
1E-12
0 10 20 30 40 50 60 70 80

e Due to the compliance of

K (MPa-m'/?)

the ring, load relaxation is minimal - even as SCC crack grows

e Can test up to 10 CSLCTs in a single 60 liter flowing autoclave (with LVDTSs) - efficient

LOCKHEED unnr:nZ%
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Specimen Fabrication

b i e Arrows indicate welding direction
Buildup

Carbon Steel

AG90

Carbon Steel

A TS orientation

1 SCCGR faster along the long axis of the Carbor Steal
dendrites (TS, LS) than perpendicular to
dendrites (e.g., TL)

3 Proven by Bamford et a/. and others S L
d Weld process: l i

J 182: Manual shielded metal arc welding
J 82: Automatic gas tungsten arc welding

T
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EPRI Materials Reliability Program (MRP) Work

Q MRP: Develop a SCCGR Model for Alloy 182 and 82 Weld Metals
Q Similar to the work performed for Wrought Alloy 600

O EPRI MRP-55 - Wrought Alloy 600 SCCGR Model (2002)
Q View/analyze present weld data /n part using methods from MRP-55
Q Scott model - uses threshold K of 9 MPavm
Q Thermal activation energy (Qgccgr) = 130 kJ/mole (31 kcal/mole)

aa 1.16 130,000( 1 1
a = W=9) 'e"p[“m(?sgs.lsﬂ
(da/dtin m/s, K;in MPavm, Tin Kelvin)

Q Each heat described by its value of o
Q Data from different temperatures normalized to 325°C

Q Le Hong et a/. - Alloy 182 Qgccqr is ~ 130 kJ/mole (EDF, ETH, CEA data)

Q Mills and Brown - Alloy 82 Qgcgr = 130 to 150 ki/mole (31-35 kcal/mole)

Q In the present work, Alloy 82 and 182 data normalized using 130 kJ/mole

8 LOCKHEED MARTIMZ%
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O

Data Screening Criteria

Single condltlon test

Minimum average crack extension = 0.2 mm

Data based on post-test destructive examination (DE)
Periodic unload-reload only if hold time > 60 minutes
Careful autoclave chemistry control (including H,)
Minimum ‘engagement’ of fatigue precrack = 50%

[ Quantifies the percentage of precrack length with SCC

All Lockheed Martin (LM) SCCGR data herein pass

these screening criteria Post-test  Air fatigue
fatigue precrack

LM Data reported as SCCGR,,,, rather than as SCCGR___,
[ Also report maximum-to-average SCC extension ratio (RATIO)
d RATIO used by Lockheed Martin (LM) and by Mills (Bechtel)

LOCKHEED M‘lflﬂ;?
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Max./Ave. Ratio Decreases as the Crack Grows

8 R N = a1 ot
RATIO, | & Alloy 182 (Lockheed Martin) | Actual Crack Front . o Maximum ””’::::’;‘::"
R 7 A A"OY 82 (LOCkheed Martln) i Average Crack ""'(';'aci\‘ Profile
O Mills (Alloy 82, constant load) | Profile
Aamax 0O Mills (Alloy 82, unload-reload) Qave
Adave | 6 — Best estimate ratio fit et Y
k\\I< 20 Ve - -Hb-i‘/f
5 A Surface Location(s) o —""//
4 e Crack fronts often
A uneven
3 e Cracking initially
- — - X "
IN(RATIO-1) = 2.48-0.762*In(Adsye/Adref) eeiiTE He i eerats
2 Aages= 0.051 mm ‘fingers’, then
0 toy— becomes more
1 i it : uniform
0 1 2 3 4 5 6 7

Aaye [7.e., SCC extension] (mm)

To broaden the ratio data set, some data were used that do not pass the screening criteria
* LM: Aa,, is maximum SCC depth at any location along the crack front
Mills: Aap,a, is maximum SCC depth at the DE measurement locations (ASTM E813)

10 LOCKHEED unnﬁ
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Maximum SCCGR Depends on Test Duration

A@max SCCGRmay for test SCCGRa for test ..Assum-es o
: : — , . incubation
or 3.5 time of 0.25 years - time of 1 year H Vs £ Bt
Adave the data are
(mm) 3.0 corrected for
incubation time
2.5 using /n-situ
instrumentation
2.0 eAll SCCGR
data reported
1.5 herein are
average rates
1.0 (SCCGR,\e)
i *Also report the
0.5 r Assume SCCGR,, = 1 mm/yr maximum-to-
‘s Admayx = Admay-o + RATIO*Aa,,e average ratio
0.0 ‘ ‘
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time (years)
11 LOCKHNEED MARTI,Z?
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Use RATIO to Infer % Engagement

18 | J l
RATIO Alloy 82 Welds
Aamax 16 | |
Aaave 1 4 :

2\
I\

: N

L

. 50% engagement
\\ is equivalent to a
A {0\ RATIO of ~ 5
* - 7
\k *
F’_ﬁ

okl

20 30 40 50 60 70 80 S0 100
Percent Engagement

» Some of the data shown in this plot did not meet the screening criteria

12 LOCKHEED MART'NZ%
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Use SCC Extent to Infer % Engagement

4.0

| 1
Avg. . Alloy 82 Welds
SCC 35 | 1
extent -
Adaye 3.0 :
(mm) r
2.5 [
i e
1.5 - 7
i
0.5 | /?—/(
- e ®
00 - — — ——

20 30 40 50 60 70 80 90 100
Percent Engagement

e Some of the data shown in this plot did not meet the screening criteria

13 LOCKHEED MIIRTINZ%
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Alloy 182 SCCGRs and Comparison to Other Data

. 1 E-08
Normalized
SCC Growth Muayaeaiae | * 3 Westinghouse
Rate, da/dt Normalized to 325°C using 130 kJ/mole data points
(m/s) y » ‘ . screened due to
1 E-09 ::Efi;ff;;iiﬂ:;;%iii%:i{y::ii?::::::;’f;;;ﬁ:;::::::;:;ﬁ Aaave< 0.2 mm
&Q “ e LM refers to
o 3 T . Lockheed Martin
1E-10 Q@’ ********
|Da£a in orange are Jfrom Wéstinghouse (W) Tests|
1 E-11 |- ¢ HeatLM182-1(TS) M Heat LM182-2a (TS) --
A Heat LM182-2b (TS) 1 mm/yr ]
¢ EDF weld (TS) © W weld (TS)
O Studsvik weld (TS) A EDF weld (LS)

0O 10 20 30 40 50 60 70
K (MPa-m'/?)

e Compare to published data where average SCCGR was reported (fairest comparison)
e Westinghouse data - 3 welds (W, EDF, Studsvik); carbon 0.025 to 0.053 wt%
e All root-to-crown growth; LM - 35 or 40 scc/kg H,, Westinghouse (W) - 25 scc/kg H,

14 LOCKHNEED M‘RT'HE#
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Alloy 82 SCCGRs and Comparison to Other Data

1E-08 |

Normalized “|Alloy 82 Data

SCC Growth

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

'|Normalized to 325°C using 130 kJ/mole

__|3 data points =
at 20 cc/kg Hy|

1E-10

1E-11 |

L

¢ LM Heat 82-1 (TS)
A LM Heat 82-3 (TS)
[0 Bechtel Weld C-3 (TS) A Bechtel Weld C-4 (TS)

® LM Heat 82-2 (TS)
1 mm/yr

1E-12

0 10 20 30 40 50 60
K (MPa-m'/?)

e Compare to published data where average SCCGR was reported (fairest comparison)
e All root-to-crown growth; LM data 20 or 40 scc/kg H,; Bechtel data 40 to 60 scc/kg H,
e Some of the variability in heat LM82-2 caused by H, (highest SCCGRs at 20 scc/kg H,)

15
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Comparison of Alloy 182 and Alloy 82 - SCCGRs

: 1E-08 -
Normalized Alloy 182 and Alloy 82 Data
S SR |Normalized to 325°C using 130 k3/mole |
Rate, da/dt ormalized to using 1 /mole
(m/s) 4 E-00 | |
e — 558 el NS
® " IR S |
|| ‘ ‘ .r A
1E-10 s e n & =
@
,,,,,,,,,,,,,,,,,,,, ,A
,,,,,,,,,,,,,,,,,, ® ®
®
1E-11 ¢ Lockheed Martin 182 (TS)
.________ W Westinghouse 182 (TS,LS)
® Lockheed Martin 82 (TS)
A Bechtel 82 (TS)
1E-12 LAy

0 10 20 30 40 50 60 70
K (MPa-m'/?)

e Alloy 182 SCCGRs are faster on average (~15 vs. 20 %Cr, weld process, carbon levels)
e May be appropriate to model 182 and 82 using an offset
e Insufficient data to identify and/or quantify an SCCGR threshold

16 LOCKHNEED M‘lflﬂ2¢




L9

Empirical Modeling - Evaluate Three Model Forms

Q All three forms are exponential in temperature, power law in K;

O Use data from both 182 and 82 to determine K;, 1/T dependencies
O Not enough data to determine independently (most of 182 data at ~ 325°C)
Q Treat with an offset since the two weld metals appear to have different rates
Q General model form:

B
da K;-K 0
'd_t::A'Bmaterial ( IKo th) .exp[—R-TiI

O Model 1: K,=0

Q Model 3: K}, =9, pfixed at 1.16 (Scott form)
Q K, is a normalizing value (1 MPavm)

17 LOCKNEED MART!NZ?
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Model 1: No Threshold, K Dependence not Fixed

: 1 E-08
bl Alloy 182 and Alloy 82 Data « R? = 0.550
Rate Z /dt |Normalized to 325°C using 130 kJ/mole || « Std. Dev. = 0.760
/4

(m/s)  1E-09

1E-10

¢ Lockheed Martin 182 (TS)
1E-11 |- EEEEEERT e ~~--------- M Westinghouse 182 (TS,LS)
,,,,,,,,,,,, i . ® Lockheed Martin 82 (TS)
’ A Bechtel 82 (TS)
-1 mm/yr
— Alloy 182 Model 1
1E-12 - — Alloy 82 Model 1

0O 10 20 30 40 50 60 70
K (MPa-m'/?)

4.272(182 P
_@214,76.< ’ >(sz .exp[_w}

dt 1.000| 82 1 8.314-T

18 LOCKHEED uanﬁ
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Model 2: Threshold (K, = 9), K Dependence not Fixed

: 1E-08 z :
ggéné::;ﬁ: Alloy 182 and Alloy 82 Data e R2 = 0.549
Rate, da/dFf Normalized to 325°C uslmg 130 kJ/mole e Std. Dev. = 0.760

(m/s)  1E-00 |

1E-10 -

: &
¢ Lockheed Martin 182 (TS)
- m Westinghouse 182 (TS,LS)
® Lockheed Martin 82 (TS)
A Bechtel 82 (TS)
1 mm/yr
: —Alloy 182 Model 2
1E-12 - —Alloy 82 Model 2

1E-11 ool

0O 10 20 30 40 50 60 70
K (MPa-m'/?)

1.000| 82 1 8.314

Loc

19

4.267|182 —9\"7%3
da 71-24.< ‘ >.(K1 9) .exp[_lso,zoo}

-T

KHNEED M‘lflﬂ2¥
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Model 3: Threshold (K, = 9), K Dependence = 1.16

. 1 E-08 : ‘
Normalized Alloy 182 and Alloy 82 Data e R2 = 0.520

SCC Growth i . . "
Rate, da/dt Normalized to 325°C usmg 130 kJ/mole e Std. Dev. = 0.764

|
(m/s) 1 E-09 |
1E-10
1 E-11 ¢ Lockheed Martin 182 (TS)
2 - ® Westinghouse 182 (TS,LS)
- ® Lockheed Martin 82 (TS)
A Bechtel 82 (TS)
1 mm/yr
—— Alloy 182 Model 3 (Scott form)
1E-12 — Alloy 82 Model 3 (Scott form)

0O 10 20 30 40 50 60 70
K (MPa-m'/?)

4.618/182 A0
(1(1:5‘028.< t >.(K, 9) ’exp[_127,900}

1.000| 82 1 8.314-T

20 LOCKHEED HART'HE#
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Comparison of Models 1, 2, and 3

Normalized 1E-08
SCCGrowth | ]
Rate, da/dt

(m/s) 1 E-00

Alloy 182 and Alloy 82 Models

1E-10 -

- Alloy 182 Model 1
g ~— Alloy 182 Model 2
1E-11 et e B Alloy 182 Model 3 -
1 i | = Alloy 82 Model 1
IIIIIIIIT ~———- Alloy 82 Model 2
------ Alloy 82 Model 3

—— 1 mm/yr

112 V—1— :
0 10 20 30 40 50 60 70

K (MPa-m'/?)

 Models 1 & 2 very similar for K; > 20 MPaVm (important region for flaw disposition)
 Model 3 (Scott form) within < 1.5X of other models for 20 MPavm < K; < 70 MPaym

21 LOCKHNEED uanr:nZ%
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Model Summary

@ Models 1 and 2 provide a viable approach for correlating the data
Q Model 3 is also reasonable

0 Qscgr Values are 128 to 150 ki/mol

QO K dependencies are ~ 0.7 to 1.0 (when not forced to 1.16)
Q Somewhat lower than Scott model, but not very different than 1.16
Q K dependence of Alloy 182 may be lower than that of Alloy 82
Q EDF/ETH/CEA SCCGR,,,,, data for Alloy 182 suggest a low K-dependence (K1)
Q Weld variability is an issue for all three models (R2 values ~ 0.55)
Q Attempted to collapse the data using a K-1/T interaction:

\A
da K;-K C-\K-K,)/K
E=A.Bmaterial -(_I?_th) .exp[_i%],exp[ (( R.}h) 0):]

o

0 No measureable improvement in either R? or standard deviation
Q Not the only possible equation form to describe K-1/T interactions

Q Normalizing the data for aqueous hydrogen may help reduce scatter

22 LOCKHEED MAHT’NZ?
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Effect of Aqueous H, Concentration - Prior Work

; 8o | © Film reduction and/or no film formation
?_:SSLO Ive;:l 75 | ® Film formation ‘
l l Ohmmeter (szcc/el‘(’:) zg — Experimentally measured Ni/NiO tra!nsition
Shunt -1 gg o 5;
Resistor 1 50 Experimentally measured | |
45 | Ni/NiO transition
40 i O O
\ 35 '
30 S SR
Autoclave 25 Pt i—
15 NiO regime
I 15 [0 regime]
£ i6f X-750 HTH 5 <P
2
o s T8 . 360°C 9 T
g o 12F @ 260 280 300 320 340 360 380
5 % 0613 P Temperature (°C)
O F o6 * e Similar behavior noted
ERE Y 3 R < . o  fOrA600, X-750 AH
& B2 «—Ni/NiO Measured (Morton, Attanasio)
e —— 1 e Also studied by Scott,
0 50 100 150

Cassagne, Economy,
Hydrogen Concentration (cc/kg) Totsuka, Andresen, elc.

23 LOCKHNEED unnr:uf%
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60 ksivVin

Crack Growth Rate K

Effect of Aqueous H, Concentration - Prior Work

(mils/day)

SRR R R E
Nickel Nickel pr
Oxide | Metal < Wrought Alloy 600
5 . < K=66 & 27 MPaVm
o4 | 4" ® s (K=60 & 25 ksivin)
- e g _§ 338°C
; " 1 £ 3
0.2 ™ i - 3 é
T Ll 4005 O
' «— Ni/NiO Measured 5
O I A A A s : A L i ! : A i O 3
0 50 100 150
Hydrogen Concentration (cc/kg) .

» Correlations for H, effects E 0.5 Nickel Oxide g Nickel Meal T 0.2 E
on SCCGR have been g < 04 —% 0 Lo B -
presented for A600, X-750 €5 o, i e =
AH, X-750 AH (Morton) 2 > 1™ =2

3 0.2 8 =
correlating parameter < O T x
 Measure EcP via Pt or g O e st 0 £
a -100 50 0 50 100

YSZ/Fe-Fe, 0, electrode

24

EcPninio-EcP (mV)
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Effect of Aqueous H, Concentration - Alloy 82

25

Measured SCC
Growth Rate,
da/dt (m/s)

1E-08 I 1
~[Measured Ni/NiO| Alloy 82 |
Phase Transition Heat LM82-2
at3c | | _338°C
1 E-09 i :
A K ~ 39 MPa-m'/?
(3data points) )
[T ~49 MPa-m'/?
1E-10 |
Q 1/2
g ~28 MPa-m
1E-11 .

0 10 20

30 40 50 60

Aqueous H; Level (scc/kg)

» SCCGRs increase as measured Ni/NiO phase transition is approached
e 20 cc/kg H, specimens are bolt loaded - H, effect confirmed using active load specimens
* Developing a weld metal correlation so that data can be normalized for H, effects

LOCKHNEED H‘RT'HE?

ool G
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Conclusions

Q Ring-loaded specimens can generate efficient, viable SCCGR data

Q Crack shape evolution well-described by the maximum/average ratio
Q SCCGR data can be reasonably reported using SCCGR,,. + RATIO

Q LM data are consistent with SCCGR,,, data from other researchers

Q Three empirical model forms were evaluated - all seem reasonable
Q Data scatter leads to an appreciable standard deviation in all 3 cases

Q Aqueous H, level influences SCCGR - more quantification is desirable

2% LOCKHEED mn’nnnZ%
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Appendix - Measured SCCGR Data (Not Normalized)

Measured
SCC Growth
Rate, da/dt

(m/s)

28

1 E-08

1 E-09

1E-10

1E-11

1E-12

I g | [-ZZzZZCz
Alloy 182 and Alloy 82 SCCGR,,. Data |
[T(°C) and H, Level given for each heat]

® Al
® a A s
@
4
. ks e
e .

|~ ALM182-2b (338C,40 cc/kg)
® LM82-1 (360C, 40 cc/kg)
A LM82-3 (316C, 40 cc/kg)

A LM82-3 (338C, 40 cc/kg)

W LM182-2a (338C,40 cc/kg)

® LM82-2 (338C, 20 or 40 cc/kg) -
A LM82-3 (328C, 35 cc/kg)
A LM82-3 (360C, 30 cc/kg)

0 10 20 30

40 50 60 70

K (MPa-m'/?)

TS orientation (all data)
K is reported as the
average K value during
a test

No unload-reload cycles
LM (Lockheed Martin)
heats 182-2a and -2b
have a different yield
strength (YS)

e 454 and 530 MPa,
respectively - due
to differences in
processing

Room temperature YS
for other heats:

e 182-1: 503 MPa

e 82-1: 439 MPa
e 82-2: 465 MPa
e 82-3: 460 MPa

LOCKHEED MAHTINZ%
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Appendix - Compare LM Data to Screening Criteria

Q All data conform to the following:
Q Single condition tests
0 Data based on post-test destructive examination
Q Careful autoclave chemistry control
Q No periodic unload-reload
Q ASTM E647 Specimen Size Criteria
Q 4 data points rejected
Q Reject if percent engagement is <50% or if SCC extent < 0.2 mm
Q 14 data points rejected
Q Focus on the data that pass the screening criteria

30 LOCKNEED MAW
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Appendix - Material Composition

. . . . - Nb
Heat Ni Cr Fe C Mn Cu Si Co S P Ti +Ta

LM182-1 | Bal | 15.0 | 72 | 0.03 | 59 {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 [ 05 | 1.9
LM82-1 | 734 | 175 | 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

31 LOCKHNEED MABT'NZ?
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Influence of temperature on Primary Water Stress
Corrosion Cracking of Alloy 600 Weld Metals

Yoshito Nishikawa, Nobuo Totsuka and Koji Arioka

Institute of Nuclear Safety System, Inc.
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At gl

Background

* PWSCC were found in Alloy 182 in PWR nuclear power plants.

* There are some studies on Alloys 82 and 182. But a few studies
about influence of temperature and susceptibility of heat affected

zone (HAZ).
Purpose

» To clarify the difference of the susceptibility on PWSCC
between Alloys 82 and 132 (modified metal of 182).

» To clarify the difference of the susceptibility on PWSCC
between weld metal and HAZ.
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Chemical Compositions and Mechanical
Properties of Weld Metals and Base Metal

AN
7

S

Compessot| c [ si [ Mo | P [ S | Ni [ Cr [ Fe | Cu|Nb
82 0.017 | 0.26 0.006 | 0.001 | 72.9 | 17.95 | 3.72 | 0.01 | 1.93
132 | 0.030 | 030 | 2.10 | 0.009 | 0.002 | 715 | 15.40 | 8.50 | 0.01 | 1.88
600 1 6030 [ 027 | 029 | 0.010 | 0.001 | 729 | 1620 | - | o005 -
(Base Metal)
< < > | 130~| < < | 10~
< < -
182 0.0 | <10 =993 0015 | 500 | 170 | 100 | 0.50 | 2.5
Mechanical | 0.2% YS TS Elongation | Contraction
Properties (N/mm?) (N/mm?) Rate (%) of Area (%)
82 306 625 26.6 20.2
132 291 625 27.3 26.6
600 287 675 433 31.8
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A

— LA 3
1> Mixcd Resin Bet |>¢; )
L] :
= |
K e Solution
s — ) | 500 ppm B
,T, 1/ Back Presmrc 2 ppm Li
' Water : |
: Cooler
Reservor WMmhyﬁm Ao clave Temperature |
| , 2 360 ~ 330 °C
[ A Wg
1 Sl L ] Strain Rate
| Heat Exchanger loadO 5 X 10_7 / S
—<—|_ JSE as 20 mm gauge length
——G}-};g'h_—iimm:ederpump > )

Low Pressure Feeder pump

Test System and Environment
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& N

NV

Specimens are sliced

6mm

Path of 82 (TIG) at this position  path of 132 (SMAW)

Welding heat |
about 10 kJ/cm (both TIG and SMAW)

Welding conditions
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e

27— —27 2 >
— 94, 10R 4, 10R 790
' $ /7 *;7-' \ $ '
2
- '<>' &
l o |
—35——+——35

70— 20

Specimens Used in the Accelerated SSRT Method
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)

)

)

Extend at constant strain rate

. weld metal

A
< >

2N

Evaluation of Weld Metal

PWSCC

: /‘\V/eid metal
Break out at the centeg A

Evaluation of HAZ

Specimen with hump
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.
> Ductile
<

> Dendritic

Temperature : 360 °C

Time to Failure: 67.4 hr
SL0% :526%

SEM photo of alloy 82

Strain Rate  : 5x107s!

CHY
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N/

> Ductile

> Dendritic

R SEM photo of alloy 132

Temperature : 360 °C
Strain Rate : 5%107s’!
Time to Failure: 73.6 hr
SCC% :33.0%

CL%
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- Ductile

......

Intergranular
Cracking

} Dendritic

Temperature : 360 °C
Strain Rate  : 5x107s’!
Time to Failure: 64.3 hr
SCC% 559 %

SEM photo of HAZ welded by alloy 82

cz(,
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} Dendritic

Temperature : 360 °C
Strain Rate  : 5x1(07g!
Time to Failure: 82.3 hr
SCC% :61.8%

SEM photo of HAZ welded by alloy 132

10
} Ductile
$
Intergranular
f Cracking
J

C2Z7
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11

> Ductile

Intergranular
' Cracking

Temperature : 360 °C
Strain Rate : 5%x107s’!
Time to Failure: 101.9 hr
SCC% :60.8 %

o~
—
>

R
SEM photo of alloy 600 base metal

CZY%
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- Crack Growth Rate (v)

= Plate Thickness X SCC % / Time to failure

Ea=-RIn(v;/vy)/ (A/T{-1/Ty)
where
‘Ea : Apparent activation energy
R  :Gas constant = 8.3145%10-3 kJ/(mol K)
= 1.9862%10-3 kcal/(mol- K)
T, , T, : Absolute temperature
Vo : Rate at temperature T,
v, :Rate at temperature T,

Calculation of Apparent Activation Energy
by Arrhenius’ Equation

A

L2

12
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el B

13

360 °C 350 °C 340 °C 330 °C
1.E-08 | [ ' e
PRGN SRR WL e 1 M G T R e ~[|=e—Alloy 82
S ST A IR S ||-a—Alloy 132
— Alloy 600
<o
g :
E
& \ o
I5 o
1.E-09 | A )
g A - 7 \\\
é 7 \\
=~ B
) Lo
1.E-10
1.56E-03 1.58E-03 1.60E-03 1.62E-03 1.64E-03 1.66E-03

1T{KY

Relationship between Temperature and
Crack Growth Rate of Weld Metal in SSRT

1.68E-03
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Crack Growth Rate (m/s)

14

330 °C
| |—o=Alloy 82
- —a—Alloy 132
| |=Alloy 600
1.E-09 |
1.E-10
1.56E-03 1.58E-03 1.60E-03 1.62E-03 1.64E-03 1.66E-03 1.68E-03

T (K7

Relationship between Temperature and
Crack Growth Rate of HAZ in SSRT

C20
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Crack Growth Rate (m/s)

LE-D8 e

1.E-09 |

_;_;f'f*”;,_,;;f:__ A110y82
Heeie Aoy 132
ke HAZ(82) ||
| e HIAZ(132)
— Alloy 600

)

1.E-10
1.56E-03

1.58E-03 1.60E-03 1.62E-03 1.64E-03 1.66E-03
T ™)

Relationship between Weld Metal,
HAZ and Base Metal in SSRT

1.68E-03

C )
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AN

Results
Weld Metal Apparent
Alloy or HAZ Activation Energy
82 | 188 kJ/mol (45 kcal/mol)
Weld Metal
132 179 kJ/mol (43 kcal/mol)
82 156 kJ/mol (37 kcal/mol)
Heat Affected Zone
132 148 kJ/mol (35 kcal/mol)
Alloy 600 Base Metal 167kJ/mol (40 kcal/mol)
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Conclusions

- The effects of temperature on PWSCC are similar
between Alloys 82 and 132.

« The apparent activation energy of weld metal is

a little higher than that of heat affected zone (HAZ).

It seems that PWSCC on weld metal 1s more rarely
than on heat affected zone at lower temperature.
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Crack Growth Rate (m/s)

1.E-08

1.E-09

1.E-10

1.56E-03

Reference-1

1.58E-03

1.60E-03

1.62E-03

/T (K™

1.64E-03

1.66E-03

Crack Growth Rate and its approximately curve
of Alloy 600 base metal

1.68E-03
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Evaluation of Scattering

Reference-2

- Weld Metal .

Alloy orHAZ Deviations total

82 1.43

- Weld Metal

132 1.38
82 | Heat Affected 1.37 1.44

132 Zone 1.33

600 Base Metal 1.20

* Deviations: Index numbers of standard deviations of logarithms of deviance
of each crack growth rate from the approximated curve
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Conference on Vessel Head Penetration Inspection, Cracking and Repairs g,
September 29-October 2, 2003, Gaithersburg, MD,USA y

Experimental and Numerical Approaches
for Characterizing the Crack Growth
Behavior of Alloy 600 in PWR Primary
Water, and Lifetime Predictions for

Welded Structures
Tetsuo Shoji, Zhanpeng Lu and Qunjia Peng

Fracture Research Institute
Tohoku University
Sendai 980-8579, JAPAN
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Outline (1)

Introduction

Literature Survey |
-Existing Crack Growth Data and Significant Parameters

FRI Generalized Crack Growth Rate Formulation

Numerical Analysis

—~K dependence
— Effects of yield strength
— Effects of dK/dt

@ Fracture Research Institute  University
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Outline (2)

e Prediction of Crack Growth Behavior in

Weld Residual Stress Fleld

- -Core Shroud Cracking
-VHP behavior

» Disposition of Flaws
* Conclusions

 Acknowledgements
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Introduction (1)

A I:'
RN |

metals such as 182 in PWR Vessel Penetrations.

® Need Quantitative Evaluation of the remaining
lifetime of the vessel penetration (VP) in PWR

® Need fully understanding of the crack growth
behavior of Ni-based alloys from a view point of
Disposition of Flaw.

m—
@ Fracture Research Institute  University 4
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Introdliction (2)

‘Special émpheisis should placed on the K dependence of crack
growth rate as a function of metallurgical variables, mechanical
properties, temperature and dK/dt. :

®*Therefore, multiple factors, such as material, environmental, and
mechanical are involved in EAC processes and their synergy effects
are complex.

®Prediction of nickel base alloy components in real PWR plants
based on PWSCC mechanism and CGR modeling is highly
demanded

@ Fracture Research Institute  University
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Literature Survey(1)
-Existing CGR Data-Laboratories & Plants

ETH-data, Magdowski et al,
8th degradation
O VHB400290C
©  VHB400320C
1 E_8 A VHBA400350C
?’ v T v v T VWF675290C
C VWF675320C
<

A VWF675350C
O VB75p5C290
O  V675p5C320
A VB75p5C350

1 V675p10C320
O V675p20C290
© V675p19C320
A VB75p19C350
u]

-
0
©

asl

V675p24C290
Moshier et al,Corrosion,2000,Bolt load
O VM827ST288
O VMB827ST316
A VMB27ST338
# VMB27LT316
T Cassange at al, 9th Degradation,p216
®  VWH220av310
u ® VWH220mx310
= VWH220av330
® VWH220mx330
™ M Speidel et al, Corrosion/2000
®w  VSp6001290
FRI data

-l
m
-
o

= VFRISA325
® VFRITT325

Foster J P et al, 10th Degradation
®  VFoster327C

da/dt(m.s™)

® VFoster325C

Foster J P et al, 11th Degradation
& (da/dt)
A (daldt)

1E-11

B EDF cold dome
‘ ® EDF hot dome
Cook2 CGRdepth
*

1E12 4+4——F---ar—

EDF plant, Amzallag et al, 9th Degradation

0 20 40 60 80 100

@O Fracture Research Institute

,Tbhokﬁ
University 6

CGRs of Alloy 600
n PWR
environments
® Lab. data:
-thick plate material
-fracture mechanics
specimen
® Plant data:
EDF & Cook 2

>Huge scatter of the
data in da/dt vs K

C 22
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Literature Survey(2)

-Sl mﬁcant Parameters for CGR

pre g o s 9

® Material Chemlstry and Microstructure

-Carbide content and distribution
(Grain boundary carbides improve SCC resistance)
-Fraction of Coincidence Site Lattice Boundaries (CSLB)
(High CSLBs-low IGSCC susceptibility) -

® Temperature effects

CGR increase follows Arrhenius law
~180kJ/mol for component failure time(including initiation)
~130kJ/mol for crack growth rate

® DH effects
~da/dt(max) near the Ni/NiO equilibrium potential line

‘ " .».m.‘.,,." LE i de IR .
@ Fracture Research Institute  University 7
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Literature Survey(3)

-Significant Parameters for CGR

® K effects

- =CGR plateau region at high K level(ETH data, EDF data, et c.)

-CGR monotonically increase-(Westinghouse data, EDF data, etc.)
Most CGR models are based on K effect

® YS effects

High YS from material chemistry or cold/warm rolling
-significantly raise CGR
In empirical equations, a coefficient is used to introduce CW effect

® Loading and dK/dt effects

-Loading mode effect

-dK/dt effect for weldments with residual stress/strain
etc.,

@ Fracture Research Institute  University g
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FRI Generalized CGR formulation (5)

-CTSR formulation - Gao & Hwang’s equation |

® Gao and Hwang’s definition of work hardening exponent, n,

)

c : {(E) Jor o<0,
| (%)+c-(0'—0'y )" for  o>0,

® Gao & Huang’s equation for the crack tip strain of
a growing crack for constant K and da/dt.

n—1

0, A = o, A K,
£, = B £, = ﬂ(;){ln[(;)(;;) ]}

| | Derived under the condition of plain strain and small scale yield

_ —
@ Fracture Research Institute  University o
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FRI Generalized CGR formulation (6)
-CTSR formulation - Validity Confirmed by 3D-FEM

[T —
E ===1T-CTlspecim§n === Aa=0.010mm " . .
E ol e e Equlvalent plastlc strain
' 034 —w— FEM results K=17.8MPam®® i g i 5 =
£ —o— FEM rosults K=26 7WPan” distribution at crack tip under

—&— FEM results K=35.6MPam ™ 1

Q PR
M . constant load conditions, n
© PO .
o (Gao’s definition) is 10.
c
§ 0.01+ :
=
i

0.00 P TP T . = VYV

1E-3 0.01 0.1 1 10

Distance from Crack Tip, rmm]

® 3D-FEM results match well with the theoretical calculation at different values of

stress intensity factor, K.

® Although Gao’s equation was derived for a steady growing crack under quasi-static
loading (constant K), the 3D-FEM analyses indicate that Gao’s equation may still be
applicable even under the loading conditions without constant crack growth and/or

constant K.

| ;;%hoku"
O Fracture Research Institute  University 10
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FRI Generalized CGR formulation (9)

—Sh031 s model based on Slip/Oxidation mechams

tip reaction kinetics and the theoretical CTSR

formulation ( T L)
~ (——)
da___ M nl .2 K, a|
i )](gf) 1B 2+ ]
| L

® A unique expression for CGR as a function of K-
combining a mechanism of crack growth with the mechanics of a
crack tip stress/strain field.

® Synergistic terms among the material parameters, mechanical

properties, electrochemical properties and crack tip mechanics in
terms of K and dK/dt

« FRI theoretical CGR formulation, , based on ’the‘crack“}

‘ —
@ Fracture Research Institute  University
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FRI Generalized CGR Formulation (10)
-CGR equation

A generahzed CGR formulatlon can be obtamed by
combining the general oxidation mechanism and the
theoretical CTSR equation, |

da K : (_) I”
-217_:7(4«,3( )( )[2 7<—+—]<ln[/1 ———]> -
\

where X, is a crack tip oxidation rate constant, which is a function
of local material chemistry, local environmental chemistry,
transient interfacial rate kinetic law, and the stress/strain state.

‘ m—
@ Fracture Research Institute  University 12
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FRI Generalized CGR Formulation (12)

-Possible Accelerated CGR testing based on mechanism (1) YS& «, effect

5 FRI

1E-8 T T T T T
_ 1E9
Q
£
3
& 1E-10
3]
ki
£ 1E-11
5
=
S 1E12d © —— CGRB00MPa
o A —O— CGR450MPa
A —A— CGR230MPa
DOA
1E'13| “r T v T v T v T v T v 1
0.000 0.002 0.004 0.006 0.008 0.010 0.012
K

a

Sensitivity analysis of Y'S effect at different k, levels (m= constant)
« At each YS level, CGR increases with increasing of x, value
* A non-linear relationship between CGR and x,
* CGR increases with YS

G Fracture Research Institute  University 3
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FRI Generalized CGR Formulation (13)

-Possible Accelerated CGR testing based on mechanism (2) YS & m effect

CGR(YS=600MPa)
CGR(YS=450MPa)
CGR(YS=230MPa)
CGR(YS=600MPa)/CGR(YS=230MPa)

s o Sensitivity analysis of the effect

PR DOO

a3 s 5 % of YS on CGR for different
= i . values of m (k, =constant)

S A E100 §

g 1E-12 g. CGR ratio=

o 0~ CGR(YS)/CGR(230MPa)

S 1E-

® CGR decreases with an increase of m
® Effect of YS increases with an increasing m,

-implying that the effect of YS is more significant for materials with
a faster repassivation (or fast film recover

5 11 ohoku
@ Fracture Research Institute  University 14
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FRI Generalized CGR Formulation (14)

- Possible Accelerated CGR testing (3)YS & x, & m effect

calcualted CGR
® CGR(15x,m=0.7)
O CGR(x, m=0.7) —— 20
O CGR(x, m=0.65)
CGR ratio
i A CGR(1.5x, m=0.7)/CGR(x,, m=0.7)
1E-84 ©  CGR(x,m=0.65)/CGR(M=0.70, x )
= it 15
w S
E 1.0
& 1E9 % i
- < : rw;‘fff}"?x",}
O i e -10 7
U ~N A “
3 1E-10 5
©
(&)
Tl TR e e e 0
0 200 400 600 800 1000 1200 1400

Yield strength(MPa)

® The enhancement factor by decreasing m is less with an increase of YS.
-CGR enhancement by decreasing m (slower film recovery process) could be

more significant for materials of lower YSs

I hou
@ Fracture Research Institute  University 15
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FRI Generalized CGR Formulation (16)

- Possible Accelerated CGR testing

—{— constant K

) —— dK/dt= -3.72MPam®*/year )
—O— dK/dt= -7.44MPam®°/year 0=
—O0— dK/dt= -37.2MPam"*/year | i

:m‘ —— dK/dt= 37.2MPam®’/year m=0.5

E YS=200MPa

g ; Different dK/dt

(&)

o

(]

I

-

LY

©

O

1E-9 Ay ' S———
10 100
K(MPa.m*®)
® Significant effect of dK/dt on CGR
® Negative dK/dt results in lower CGR and higher threshold
® CGR testing at higher dK/dt accelerates CGR-specimen desi‘@w ’ :
. Tohoku
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Numerical Analysis of experimental CGR(1)
-K dependence - Moderate K effect

®  CGRmax(Foster et al

1E-8 i, 11th Degradation), 320°C  fr———"—
31| = Modified Scott
= MRP curve “
e  5xModified Scott
: g)él(\)lltlt?P curve Alloy 600, heat 69
5 ARl T e Material of low YS,
£ YS=274MPa
®
T £ n=3
= G 1E-104 .
Parameter used in
: 5 . the model:
oo T NSRRI R e m-—0.77
0 10 20 30 40 50 60 70 80

K(MPa.m*®)

® FRI prediction on the material with YS=274MPa
® Comparison with modified Scott model & MRP model.

L : j |

, A oku
@ Fracture Research Institute  University 17
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Numerical Analysis of experimental CGR(4)

-Y'S effect (1) e
e i
1E-8 —v

00  Moshier et al

—&— FRI prediction

Corrosion, 2000, 358°C

L ) T v T v 4.!

1E-9 /B . ././B/./Q ‘.a
e E/./.»ﬁ'/. ] Parameters used
£ 1E-10 g, 0 in the model:
9 i m=0.70 and n=6
1E11{ [/
1E-12 +—y P g ]
0 200 400 600 800 1000

The effect of YS on CGR can be predicted by FRI generalized model

YS(MPa)

gy v

@ Fracture Research Institute University 18
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Numerical Analysis of experimental CGR(5)
-YS effect (2) YS & T effect

1 E-8 T T T
AAAAAAA
AAAAAAAA = F .t . t
Ve 1tting parameters
AA
‘‘‘‘‘ ‘ ;
1E-9 in the model:
2
VAY — i
e e m=0.70 and n=6
‘Tm A‘A
E' 1E-10 A,A' Ooooo OOOQOO ETH data, Mggdowski et al,
=2 X o o 8th Degradation
ar iy :
(14 A £ o0 O CGR290°C
8 J OOOoO O CGR320°C
" - A CGR350°C
1E-11 P 0
E g o2 FRI prediction
0 —0—290°C
4 —0—320c
of —A—350°C
1E-12 4— .

T v T v T T pr— T 1
0 200 400 600 800 1000 1200
Yield strength(MPa)

® Again, effect of YS can be formulated with the FRI generalized model
® CGRs at different can be calculated by only changing values of K,

\ , Tohoku
@ Fracture Research Institute University ;
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Numerical Analysis of expenmental CGR(7) g™
-dK/dt effect ‘ | . F RI

1E-9+ s o S e S 6

o »

a

>

PR TN
8N

1E-10-

CGR/m.s"
o[> P
»
17
CGR ratio(R)

Sl
4 2
N

Moshier et sl Corrosion 2000, 338°C, LT orientation
O LT33¥CIOm, © LT338C100m, A L335ChoR,
& R10MIO0, A R10mbolt

1E-11 0
0 200 400 600 800 1000

YSMPa.m™*®

® CGR(bolt)<CGR(active load) in this data set, can be explained by the
sensitivity analysis of dK/dt effect by FRI mode

- oh e

@ Fracture Research Institute  University
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Prediction of CGR in Weld Residual Stress Field(1)
-Core Shroud Cracking(1)Residual Stress distribution

. Tensile to comprgssive Compressive to

r 4 Tersile
~~ 300 ™ -
& - \ / /
S - NV |4
g, \ | L1
G . s
T§ o \ ,/
3 ™ U
% a0
| e ) 10 — 20 30 20 50 ] B0 ‘ mn

distance from the outer surface(mm)
Distribution of the axial residual stress in H6a in a BWR core Shroud

* The residual stress changes from tensile to compressive or vise
versa at certain depths of the weldment

@ Fracture Research Institute  University
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Prediction of CGR in Weld Residual Stress Field(2)
~-Core Shroud Cracking(2) K distribution

___ il 3
~~

wy

fo'E 80

§ i 4’\

= 40 / .

SJ 1 N

S 3 / \

- ot )

v 20

s | \

S

E 10 \

2 \

8 0 . A N a2 & PR PR A . . s A a —iy
A 0 10 20 30 40 50 80 70

distance from the outer surface in the thickness direction(mm)

Estimated distribution of K in H6a in a BWR Core Shroud

® K increases to a maximum value and then decreases in the
through-thickness direction of the weldment.

@ Fracture Research Institute  University 2
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Prediction of CGR 1n Weld Residual Stress Fleld(4)

-Core Shroud Crackmg (4) Crack depth predlctlon Yy - |

crack depth(mﬁl)

30 e T—

2 | . ma

wl— 17

: 0 5 10 15 20 25 30
time(year)

Relatlonshlp between the crack depth and time

¢ High crack growth rate is expected for the period of 4-9years
® After ca. 9 years, CGR decreases with time

@ Fracture Research Institute University
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\ CRDM housing

Inconel welding

Type 600/690 weld metal

e

'VHP, 600/690 alloy

Upper vessel head ~

0 I

i —

Stainless steel cladding

Inconel cladding, Type 600690
weld metal

e

1 | &

1 1

] ]

e Inconel welding, Type 800/600
weld metal

2101.6

Structure of the VHP

[lustration of a PWR VHP(left) and an inside-reactor instrument tube(right)

@ Fracture Research Institute

Inside-reactor-instrumentation tube
Inconel cladding

Series 600 weld metal
Stainless steel cladding

] N Inconel welding,
H Series 600/690 weld metal

Ineonsl cladding
Series 600 weld metal

Inconel welding
Series 600 weld metal

Stainless
stesl welding

Structure of the inside-reactor-instrumentation tube

University
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Prediction of CGR in Weld Residual Stress Field (7)
-PWR VHP(3) Crack growth behavior of PWR VHPs

1E-9; -
i
IR T g
TR TTIE @ m
1E-10+ B -
TIT cliiE e : ’
= EDF PWSCC VHP alloy 600 field CGR data °
E T.Cassagne et al, 9th Degradation,1999 VIR ALL T AN N 1
E : o cgld c(t)(r):;e 100 \
(O] R Co.ok 2h p:adm data, MRP-55,2002 -
(&) 1 E-1 1 -E F Calicmgt%onk: depth increase Depth (mm)
o T .
; f > mSCott 310 Weld Residual stress
! o MRP310C .
Qf" s e analysis of a PWR VHP
1E-12 v T v T v T v T Y 1 (EDF data)
0 20 40 60 80 100

K(MPa"®)

CGR prediction of Plant CGRs(from EDF & MRP) due to variations of YS may

partly explain the scattered CGR data in the CGR-K diagral‘

, Tohoku
@ Fracture Research Institute  University
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- PWR environments (5) FRI generalized CGR model - _

Disposition of flaws (6)

-CGR is very sensitive to YS and this effect could
be one of the factor of the scattered CGR in the data
base. | |

-The shape of the CGR-K curve is important for
developing the disposition line. Variability in
strain hardening ability may contribute to
different types of CGR-K relationship.

_Time variation of K(dK/dt) with crack growth
can significantly affect the CGR of structural
materials either in BWR or in PWR

—
@ Fracture Research Institute  University 2
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Disposition of flaws (7) -
- PWR environments (6) FRI generalized CGR model

-This dK/dt variation with crack growth can be more
important in crack growth under the real plant |
condition where crack grows in welded
component. |

-Loading condition and residual stress/stain

- analysis is necessary for the crack growth rate
formulation and for lifetime prediction of NPP
components, especially for weldments.

. ‘ —
@ Fracture Research Institute  University
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FRI Generalized CGR
Formulation

A generahzed CGR formulatlon can be obtamed by
- combining the general oxidation mechanism and the
theoretical CTSR equation, |

v . . (—) n—l
da_ . 1g.% K.oa )i %
= K B-( )( )[2 K+r] In[A - Ir ¢

where K, is a crack tip oxidation rate constant, which is a function
of local material chemistry, local environmental chemistry,
transient interfacial rate kinetic law, and the stress/strain state.

@ Fracture Research Institute  University 28
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Conclusions (1)

- ®*FRI Model and CGR formulation can predict
experimental and field CGR data with a good agreement,
taking into account the effects of K, yield strength, strain
hardening, temperature and dK/dt on CGRs

® Based upon the FRI model, CGR should have K-
dependence in the form of {In K}™m! in principle where

m is oxidation kinetic parameter and n strain hardening
coefficient.

@ Fracture Research Institute  University 29
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Conclusions (2)

*The significance of K, yield strength and strain
hardening coefficient on CGR was demonstrated
by numerical analysis.

®Particularly, numerical calculation showed that
CGR under negative dK/dt condition can be
much lower than those obtained under constant K
or positive dK/dt condition.

® Fracture Research Institute  University
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- Conclusions (3)

*The effect of dK/dt on CGR can be critical in
lifetime prediction of NPP welded components
such as VHPs and BMlIs in PWR

® Experimental verification of the crack growth
behavior under the condition of positive and
negative dK/dt would be highly recommended for
better lifetime prediction of NPP welded
components. Disposition line for flaw evaluation
may take mto account of these effects on CGR

' Ibhoku
@ Fracture Research Institute Umversuy
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Hydrogen Assisted Fracture Model
Predictions for Alloy 600 PWSCC

Sensitivities of Crack Growth Rate to Applied Stress Intensity
Factor, Temperature, Carbon Concentration, Yield Stress and
Crack Growth Orientation and coolant-borne hydrogen

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

Conference on Vessel Head Penetration
Inspection, Cracking, Repairs

Sponsored by the US NRC ahd ANL
September 29 — October 2, 2003
Gaithersburg, MD, USA

B-T-3449-p BETTIS ATOMIC POWER LABORATORY WJ
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SCC Variables

Experimental
SCC Data

Slide 2

OUTLINE

HAF Model Concepts and Equation Development

Comparisons to Model

BETTIS ATOMIC POWER LABORATOR W 7
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Variables Potentially Affecting
NiCrFe Alloy PWSCC CGR*

» Alloy and Corrosion Film Composition and Structure

« chromium and carbon concentrations, carbide morphology and
distribution, grain size (Alloy X-750)

» cold work (yield stress, strain hardening, strain rate sensitivity)

 crack growth orientation for cold worked material

« Crack Tip Environment
e [H*]=10"H
* hydrogen over potential n = E - E, where E, is the reversible H,
/ H* potential determined by coolant-borne hydrogen, DH,

» temperature
 other ionic species

-__Stress Intensity Factor

* Variables in red are currently included in HAF Model

BETTIS ATOMIC POWER LABORATOR W 4
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Hydrogen Assisted Fracture (HAF) Model*

- Concepts -

T éct

»
4
\ 1
: 4= Fe€ct _ et Cgb 2
Fracture -
Zone | €f & \ Co
Radius rg
X \(\(\(

« Hydrogen evolves at crack tip due to cathodic reduction of water

« Hydrogen absorbs, permeates, diffusively segregates and is trapped
at grain boundaries |
« Cracks advance due to hydrogen-assisted-creep fracture of hydrogen

embrittled grain boundaries
» Rate limiting step potentially may be any of the hydrogen and crack

tip strain rate processes

*M. M. Hall, Jr. and D. M. Symons, “Hydrogen Assisted Creep Fracture Model for Low Potential Stress Corrosion Cracking of Ni-Cr-Fe Alloys”, Chemistry and

Electrochemistry of Stress Corrosion Cracking: A Symposium Honoring the Contributions of R. W. Staehle, R. H. Jones, Ed. TMS, 2001, 447 - 466.
BETTIS ATOMIC POWER LABORATORY ﬁ ‘1
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HAF Model Equations

Alloy
Composition _ _
and Structure Strain Hardenlng\ Activation Enthalpy
F(o,, wio C . - .
—— Flon W00 g, e fordiocaton
Constant . . '
. _Te€ct _Tc€o| Cob |2 K=K N+1RT
Coolant P l': Ot\(elr a= =
Borne H otential, M Ef € \ Co Kic — Kth H Heat of

Stress Effect

Fugacit - Solution
Suevegrt’ Y\ PEN \ AReversible H. / —— onH

& \ T~ _~ Potential F(QH;)~ — Solubility ™~
Constant cgp _ ( (E—Er)F)Fexp[-AHS+ZGYVH+A~Hb)erfC [ !rcé]
4D

= = . fDH2+K[H ] exp =T =T

Co ©Co o ) ’1\
y v
Corrosion / \ ob Trapping
Generated ) ; e
Hydrogen For T>250°C  fo, << foom, Ay 4 erfe ( ;% a J ~1 Energy H Diffusivity
acit e H /
Qcor / Qmech
—F 2N AR N
5, =Tebo 7Rt [ KoK \WIRT _, o 0] AH 2N AH|
€T - %o
€10 Kic - Kin RT N+1RT K Kth

BETTIS ATOMIC POWER LABORATOR Mﬁ 3
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Modeling Dynamic Strain Aging Effects™ on Alloy
600 Crack Growth Rate

Mobile 1 x 0 .. ANK K
Interaction e
Energy i
Drag-free KIC Kth
Activation B
Energy

AHC, kJ/mol

400

350
300
260 |
200 ]
150 ]

100 -
50
0 +———

AH = AHO(C)+U (i) = AH®!1- exp
Activation Enthalpy AH° / / -

0 0.02 0.04 006 0.08 0.1
Carbon Concentration, w/o

N-+1RT

T 2
‘B'”[f] T

2N AH *——— Activation Enthalpy
for dislocation glide
F(C, orientation)

~AH°1—;L

Transition Temperature, T,

Interaction Temperature @ 0 ity
Strength Factor Which Dislocation o
F(oy, C) = 1 for Wait Time = Solute . o8
# Corrosion Test Oy = 826 MPa Diffusion Time =
® Mechanical Test and 0.063 w/o C U(n)R =
....... 0 In( 1/C) 0 : ;

Carbon Concentration, w/o

*M. M. Hall and D. M. Symons, “Constitutive Deformation Model for Analysis of Stress Corrosion Crack Tip Strain-Rates in Ni-Cr-Fe Alloy 600,
International Conference on Hydrogen Effects on Material Behavior and Corrosion Deformation Interactions, R. Jones, N. Moody, A. Thompson, T. Magnin, R.
Ricker and G. Was, Ed., TMS, 2002 7

Slide 6
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Linearized HAF Model Equations
Better Suited for Data Analysis

Ina=A, —A1T?°J_rA2 T?°InKR FAyInKgr; == orientation

AH 2N AH° K=K
RT, 2

A =Iné A4 = = — ES— L T,
° o ™ N+1RT, 1~ Kg -Ki

BETTIS ATOMIC POWER LABORATORY
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Experimental
Bettis Data

 Alloy 600 plate given HTA — 1100°C/3600s/FC
* 0.063 w/o Carbon |

« Extensive gb decoration with carbides

0% —28% CW (YS 187 MPa — 826 MPa)

» 50 cc/kg dissolved hydrogen

» Conventional FM specimens and test methods
« LT and ST crack growth orientations

BETTIS ATOMIC POWER LABORATORY Wﬂ ]
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SCC Test Conditions

Predominate Oxidation States -
Thermodynamics Calculations

1000

B BAPL SCC Test 3+
Conditions Cr
o 100
g . =
— Ni**
NiO

LI o . . — T

250 270 290 310 330 350
Temperature, C

SCC tests conducted at 252° C to 360° C at or on the
Ni side of the Ni - NiO phase field boundary

BETTIS ATOMIC POWER LABORATORY
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Crack Growth Orientations for Plate and Bar

ST/ SL/RL Similar
Orientations

LT /TL /CL Similar
Orientations

b) bar

ST /LT orientation CGR data — single heat of Alloy 600
RL / CL orientation CGR data — different heats of Alloy 600

Slide 10
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Stress Intensity Factor Exponent m
Depends on Temperature and RT Yield Stress

Data Due to Moshier and Paraventi
HAF Model Fitto HTA-ST Data HAF Model Fitto HTA-ST Data Temperature Dependence
0.063 wlo C, Sy =826 MPa 0.063 wio C, Sy = 826 MPa of SIF Exponent
ST Data, 0.063w/o C
1.E-08 1.6-08 ; 4
) i 3.5
g E 1.E-09 3
q; 1E'09 o__ - § E. 3 “
Cc
-,g 1.E-10 g 1.E-10 ; § 2
g & : Wy g
[0} 1 W
x ¥ »
g 1.E-11 @ 1.E-11 3 1
O E

O 05

1.g-12 +——~»>~—1—-—-—-r—-r—v—avpey 1.E-12 YAty r 0 ——r——r—r—r— 7

00 02 04 06 08 1.0 0.01 0.1 1 520 540 560 580 600 620 640
Nomalized Effective SIF, Kg Normalized Effective SIF, Kr Temperature, K
K-K dlna 2N AH° T
Kr=—0 m = =——0 1-—| T<T,
K. -Kp dInKgr T N+1 RT T,

ST orientation m value decreases with increasing temperature

Slide 11
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Data Due to Moshier and

LT Crack Growth Orientation Unlike ST

HAF Model Fit to HTA-LT Data
0.063 wio C, Sy = 826 MPa

HAF Model Fit to HTA-LT Data
0.063 w/o C, Sy = 826 MPa

Temperature Dependence
of SIF Exponent
LT Data, 0.063 w/io C

1.E-08 1.E-08 4
{ =633 ][ w633 ,
7] 1 ¢611 - g ] 611 3.5 4
€ 1-E094 4589 1609 { | 4589 (
S Jem| o 2 ErEm | ssen . _ s
= ] A < 0525 ,
© 0525 © ] P
n_é 1.E-10 5 %1.5103 5 25
3 ]
<] 1 Y e 3 {/° g 2
(é 1EA1 5 %1.5-11 W o1s
5 ’ B @
1.E-12 4 ]
1.E 125 05
1.E-13 e ———— 1E-13 ] 0 +—— —— —
V] 02 04 06 08 1 ' 0.01 s 01 "1 520 540 560 580 600 620 640
Normalized Effective SIF, K Normalized Effective SIF, Kr Temperature, K
k< K=Ky e 0lna 2N AH (T ) 1.7
= — = —— - — —_—T1 0
R=K. K, dInKg |y, N+1RT \T,

LT orientation m /ncreases with increasing temperature

Slide 12
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RL Crack Growth Orientation Similarto ST

Data due to Soeidel and Maadowski
HAF Model Fit to RL Data HAF Model Fit to RL Data Temperature and RT Yield Stress
0.10wio C 0.10w/lo C Dependence of SIF Exponent
1.E-07 ; oo = 155 W 1.B:07 5 Open = 1056 WPa RL Data, 0.10wo C
] Closed = 983 MPa ] Closed = 983 MPa 4
(En 4 X:474M% g . . )S\=474M=h -
f‘é 1.E-08 £ 1.E-08 4 ® 0 g 37
o E 14 : © -
g £ oo 5 251 [Tarampa
<] e) o = = 561 8 2 m 983 MPa
G o A S A 1056 MPa
% 1.E-00 4 ¥ 1.E-09 - N w 151
4 3 o 3 - ® 593 =
] © 593
© © " X 623 t ‘\\.
A 623
a623 0.5 1 L
L T e /A 1.E-10 . e — 0 —_— —h
] 0.2 0.4 0.6 0.1 1 550 570 590 610 630
Normalized Effective SIF, Kg Normalized Effective SIF, Kr Temperature, K
K,=F"Kn 3lna | N AHO (. T
R7K,-K m= = -— T<T,
¢~ R dlnKg|r, N+1RT | T,

RL orientation m decreases with increasing temperature

and RT vyield stress (pre-strain or CW)

BETTIS ATOMIC POWER LABORATORY
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CL Crack Growth Orientation Similar to LT

CL Orientation CGR Data
0.058 w/o C
1.E-08

¢290C

] ©290C
J @350C
0350C

1.E-09 3 /
] EDF Data

]
1.E-10 1

Closed = 468 MPa
Open = ~ 860 MPa

Crack Growth Rate, m/s

1.E-11

10 100

SIF, Mpa vm

CL orientation m increases with increasing temperature
and RT vyield stress (pre-strain or CW)

BETTIS ATOMIC POWER LABORATORY
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ST Orientation Apparent Activation Energy Q is
Decreasing Function of Stress Intensity Factor

Temperature Dependence of Crack Apparent Activation Energy, Q
Growth Rate ST Orientation, 0.063 w/o C
ST Orientation, 0.063 w/o C 350000
1.E:08 ; ® 6-8 MPaSr-m
] m 19-23 MPaSr-m 300000 4 Sy =826 MPa
% ] ® 35-38 MPaSr-m ° 1
* 1,609 4 0 45-50 MPaSr-m| | £ 250000
2 3 2
A o 200000 -
¥ 10 ] et |
E 1E10 4 B 150000 - .
0] 5 ]
X 1 £- 100000 4
8 1.E11; g )
& ] sy=swmMPa ® 50000 -
1612 st eyt 0 — T ———— e
0.0015 0.0017 0.0019  0.0021 0.01 0.1 1
Inverse Temperature, 1/K Normalized Effective SIF, Kr
dlna ~ 2N K-K
=- = AH - AHO In| ——1h
8(1/T)KR.11 N+1 Kc"Kth

Apparent activation energy Q decreases with increasing Applied
Stress Intensity Factor, K
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Decreasing Function of RT Yield Stress

Te";"g:;:’go‘jvpt:’{::tme Apparent Activatioin Energy, Q Strain Hardening
RL °0n.e ntaﬁonmo 100 w/eo c RL Orientation, 0.100 w/o C 08 :
1.E-06 4 — 400 07J +0.063w0 C
] K = 30 MPaSr-m O 35 K=30MPasSrm "
” 4 5 = 08 X m0.045w/0 C
1.E-07 4 - 061
E E g 3004 2 40020 w0 C
% ] 't 250 < 057
o 1.E-08 3 ST s ] -0.100wo C
g 3 g £ 200 L 0.4 1 (model)
] . 2 J
3 1E00{ [aT0s3WPa g 150 - 5 031
g ] |e98tMPa S  100- .
O 1.E-10 4 A 474 MPa 8 |
3 a 50 A
] < 0.1
i 0 T ) uma T T T T 1
1LEN oot 0.0 +——r——————
00014 00015 00016 00017 0.0018 0 0.2 N /(N‘i:) 06 0 0 40 60 800 1000 1200
Inverse Temperature, 1/T <—— [RT Yield Stress] RT Yield Stress, MPa
Q=-R dlna =A|:|_2_NAH° |n[_K__!S_m__) N=In 2
8(1/T)KRM N+1 KC_Kth 1._()'\1/()'$

Apparent activation energy Q decreases with increasing RT
yield stress (decreasing strain hardening)

W 3
BETTIS ATOMIC POWER LABORATORY @ﬂ ]
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LT Orientation Apparent Activation Energy Q Also is
Decreasing Function of RT Yield Stress

Temperature Dependence Stress Dependence of the
of Crack Growth Rate Apparent Activation Energy, Q
LT Orientation, 0.063 w/o C STAT Orientations
1.E-09 3 400
] - K =~ 38.5 MPaSr-m
) K =~ 38.5 MPaSr-m D 350 -
E 2
£ 1.E-10 e 3001
x o
5 g8 =
5 A g5 | = ST (0.100 C)
O 4 g.qq | ® 187 MPa < < 20 LT (0.063 C)
X je348MPa ® c
8 14517 MPa g 150 - /
(&) 10634 MPa Q
10772 MPa < %9
1.E-12 : r . r
0.0016 0.0017 0.0018 0+
I Temperature. 1/K 0.00 020  0.40 0.60 0.80
rse ,
nverse lemp 2N/(N+1)
dlna ~ 2N K-K
Q=-R =AH-——_AH° In| ——th_
a(1lT)KR.T\ N+1 Ke —Kin

LT orientation Q decreases with increasing RT YS
(decreasing N) but at a lesser rate than for ST orientation

BETTIS ATOMIC POWER LABORATORY

Slide 17
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Reality Checks

400

AH®, kJ/mol

0

Activation Enthalpy AH°

350 -
300 -
250 :
200 -
150 -
100 :

50 &

SCC Test, Bandy
and van Rooyen
A SCC Test, Speide
and Magdowski
A Mechanical Test,
Symons
——HAF Model Fit to
BAPL Data

0

0.02 004 006 0.08 0.1

Carbon Concentration, w/o

Model fitting parameters must fall within physical bounds

Parameter values, e.g, AH°, obtained by fitting models to SCC data
should be consistent with data obtained by separate effects tests _

Slide 18
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Conclusions

 A600 PWSCC is a complex function of the
SCC variables

» To capture this complexity requires

comprehensive data sets obtained on single
heats of Alloy 600

. Physical models help in sorting out complex
behaviors and provide higher confidence
disposition curves

BETTIS ATOMIC POWER LABORATORY M‘ 5
Slide 19
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ESTIONS?
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Transition Temperature T,

Stress Exponent, m

HAF Model Predictions for

SIF Sensitivity m
ST/RL Orientation ® 826 MPa
4 . 0474 Mpa
1 © 983 Mpa
. A 1056 Mpa
3 ) Open = RL
Closed = ST

0

500 525 550 575 600 625 650 675 70Q

Temperature, K

=

HAF Model Predictions for SIF
Sensitivity m
ST - LT Orientations

10
g -

826 MPa ®ST
8y oLT

+ No DSA

Stress Exponent, m
[4,]

{

0 = T T T T Y T T T
350 450 550 650 750 850
Temperature, K

_ 2N AH°(C)+U(R) 2N AH°

T N+1 RT "N+1RT

ol 4]

BETTIS ATOMIC POWER LABORATORY
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Modeling Coolant Borne Hydrogen Effects on
Alloy 600 Crack Growth Rate

DH, establishes E. (Hy/ HY) Anode : Ni+H20 =NiO +2H" + 2e
. - . + - _ 0. (o]
Large DH, results in no Ni Cathode : H™ +e” =H" 2H" & Hy(cor)
corrosion and no H,(cor) fiy(cory = K[H* 1% exp (_ OI;‘}F) o< i
Partial Anodic and Cathodic Currents Partial Anodic and Cathodic Currents
330°C, 1 cc/kg DHj, pH = 6.2 330°C, 260 cc/kg DH,, pH = 6.2
5 5 ;
o~ ] =k - + o~ <
g :_ n E Erev(HZIH ) g :_ ”
% . Erev(Ni/NiO) % . Erev(Ni/NiO) ":' ia
£ 4] 2 4 l o7
E ol S I 24—
O _4al7s O .qss 080" M5 070 065 -060 -0l55
c i c J o
.g -2 1 -% 21 .:';i
g 3. g al™ .
& | £ 31 Erev(H2 /H")
5 5
Potential, V (SHE) Potential, V (SHE)

BETTIS ATOMIC POWER LABORATORY
Slide 22
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INTRODUCTION HEAVY INDUSTRIES LTD

In Japan, maintenance guide rule as ASME Sec.XI
for allowable SCC flaw size is not established except
austenitic stainless steels for BWRs.

In order to coml)lete data base for the maintenance
guide rule for allowable SCC flaw size, the Japanese
national project on SCCGR measurement test
Brogram on the Alloy 600 and its weld metals of Ni

ased alloys for PWRs and BWRs has been started
from April 2000.

Before starting this project, MHI has checked the
propriety and a [élicabllity of periodic unloading
method for PWSCC GR measurement test.

4
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INTRODUCTION (Contd.) = ~=™=mnmssss

In western PWR plants, Alloy 182 is used for
SMAW to Alloy 600. In Japanese PWR plants,
Alloy 132 was used for different welding method
(:alternating current as welding electric current)
as the SMAW and consideration of resistance of
hot cracking.
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INTRODUCTION (Contd.) AT

Japanese Status on Welding Materials for RV Nozzles

Table Difference of Welding Materials between
__Japan & Western Countries

Japanese PWRs | Western PWRs

Welding Materials | Alloys 132 and 82| Alloys 182 and 82

Yield Strength
of Base Metal 200~350 300~500
(MPa) |
Surface Finishing | Polished by Buff Grinded
Alloy 132 : 70Ni-15Cr-9Fe-1Mn-2.5Nb
. 182 : 67Ni-15Cr-8Fe-7Mn-1.8Nb-0.5Ti

82 : 71Ni-20Cr-2Fe-3Mn-2.5Nb-0.5Ti
PWSCC CGR is affected by the material properties 5
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€LL

The effect of Cr content on PWSCC susceptibility of
Alloy 600.

5,000 &
* The PWSCC susceptibility of .
Alloy 600 decreases with ol
increasing of Cr content. g =
= Sk
- Alloy 132, 182 ; 15Cr or
50
82 : 20Cr N
0 L] 10 15
Cr Content, 9%
j' Fig 6. Effect of Cr content on the stress
R . corrosion cracking resistance of
 The stress corrosion crackmg solution annealed Ni base-Cr-Fe
. alloys in 360°C high temperature
resistance of Allﬂy 82 may be \zater using by const;g\t lq:adt
. stress corrosion cracking tes
hlgher than that of AllOy 132 (applied stress is 2.4 X 0.2% Proof

and 182. Sress)
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INTRODUCTION (Contd.) S TR

The effect of Nb content on PWSCC susceptibility of
Alley 600.

- Nb and Ti addition increase
PWSCC susceptibility of Alloy600,

° nnealin Exposure Time (h)
due to suppressing of IG carbides Aoy | e (G 1000 5000, 10000
precipitation. Nosdd | g E_

Lam, |
oy =

- Alloy 132 ; 2.5Nb i

182 o 1 8Nb_0 5Ti — No Crack mm Crack
, L ] [ ]

82; 2.5Nb-0.5Ti Fig7. 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.

- The susceptibility of Allo?' 132
n;;zéy be same as that of Alloy
182. 8
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INTRODUCTION (Contd.) @ = — ~=™=mmesss

In western PWR plants, Alloy 182 is used for
SMAW to Alley 600. In Japanese PWR plants,
Alloy 132 was used for different welding method
(:alternating current as welding electric current)
as the SMAW and consideration of resistance of

hot cracking.
* U

In this study, we tested the PWSCC growth rate
of Alloys 132 and 82 welded.
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OBJECTIVES TEuRISY:

To compared the PWSCC growth rates of Alloys
132 and 82 with literature data on Alloy 182.

To recommend PWSCC GR measurement test
techniques. (The propriety and applicability of
periodic unloading method for PWSCC GR
measurement test.)

10
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Alloy 132 ~Buttering by Alloy 82

7/

N/
A ."

S B

Thickness: 70mm

N

A

WS
-

Figure Welding joint configuration of dissimilar metal
arc welding model by Alloy 132 12
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>
\\9

5
S
&Q)

40 °

0

U

50

150

Unit: mm

Figure Machining orientation of CT specimens from
deposited metal model of TIG welding by Alloy 82
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EXPERIMENTAL PROCEDURES  «= PIRYHEH

Test Specimens
12T CT
Specimen Orientation
TS, LS, LT

The pre-crack length
about Imm

LI
St
ot
\ o

K; values
20,35,60 MPa+Vm

Figure Terminology used for orientation of cracks in
the test specimens with respect to the weld 14
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EXPERIMENTAL PROCEDURES et

Testing Environment

Temperature
H3BO;
LiOH

DH;

DO;
Autoclave

; 3256°C

; 1800 ppm as Boron

; 3.0 ppm as Lithium
; 30cc/’kg STP H;0

; <appb

; refreshed type

15




c8l

EXPERIMENTAL PROCEDURES  ~ #¥EHEMH

The periodic unloading conditions for Alleys 132 and 82, to

evaluate the effect of the periodic unloading condition on the

CGRs of weld metals.
(1) Trapezoidal wave 1: R = 0.7, holding time : 360 seconds (0.1 hours)
(2) Trapezoidal wave 2 : R = 0.7, holding time : 1,080 seconds (0.3 hours)
(3) Trapezoidal wave 3 : R = 0.7, holding time : 9,000 seconds (2.5 hours)
(4) Constant loading
A

holding time

d N/
3min | 5sec
R=0.7

Time
Figure  Trapezoidal Wave form 16




€8/

EXPERIMENTAL PROCEDURES <& Taveisty

PDM signal Measuring of SCC Length CGR data

Vi/Vovs. t ’apdm vs. t || Measuring average Crack ([C—) CGR data

length Aa
PDM / fm
signal | -

pdm

S:SCC Area Correction _Aa
Factor A apdm

A ——

W:Wide

Test time (f) _ S(mm? Test time (£
Average Cracklength Aa= Wmm) ®

Figure CGR evaluation method

17




3. RESULTS

1) Effect of K value on the PWSCC

~ 2) Fractography in respect of dendrite orientations

3) CGR of Alloys 132,82 and 182




G8.L

RESULTS (Effect of K value)

MITSUBISHI

HEAVY INDI.ISTR S, LTD,
TAKASAGO R&D CENTER

10

©
2

Crack Length (mm)

Constant| | Periodic
| Load | Unloading

R=0.7

Holding Time: 9000sec.

da/dt<5.6E-12(m/s)

100 200 300 400 500

Alloy 132,

K; values
:20 MPaVm,

TS orientation

600 700 800 900 1000 1100
Testing Time (hrs)

Figure CGR on-line monitoring results

19
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RESULTS (Effect of K value) b
X bonstani—» Periodic  p_g7 Alloy 132,

T os| Load Unloading Holding Time: 9000sec. K; values

g | :35MPavVm,

= F

1Y ‘ ‘

§ O b TS orientation

2| 3 da/dt=2.4E-10(m/s)

] |

63 8.5 ;?’
S L)

0 100 200 300 400

500

600 700 800 900

Testing Time (hrs)

Figure CGR on-line monitoring results

10

20
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RESULTS (Fractography) PR

The crack front of these inter-dendritic
PWSCC was not uniform and the area of no
ID PWSCC initiation zone was also
observed at the fatigue pre-crack tip.

The crack propagation path was inter-
dentrite and parallel direction for dendrite.

£ by

i ;r,}_)dsl’[ OrigTa
bl s -

o=
Koy
&
x

S
-\"“
[

‘4..,:"(' . 4
et b
) > N TG
VAP

iy

R

(235 dendrite
Shedde direction

~
)
s\"-r §

Fatigue pre-crack
EDM Slit

Figure Fractography of TS specimen after SCC test 21
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RESULTS (Fractography) St

The crack front of these inter-dendritic
PWSCC was complicated and not uniform.

The crack propagation path was inter-
dentrite and perpendicular direction for
dendrite.

Fatigue pre-crack

EDM Slit

Inter-dentrite
Figure Fractography of LT specimen after SCC test =
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RESULTS (CGR of Alloys 132, 82 and 182) % "7 SVRiSt

Crack Growth Rate

Holding time PWSCC CGRs
LE-08 —— 9000sec | —_— s
— ' 1) Alloy 132
LE09 | , o =
w % el > Alloy 82
QUUSEES SF SIS 2) LS, TS
= g TS . ’
= SENE.E 1s L
1E1 | = A ¢ SLT 82weld >LT
i =.n (o H 3)LS nearly
LE-12 — :

0 10 20 30 40 50 60 70 80 90 100 equal to TS
K(MPam'?)

Figure Comparison between CGR of
Alloys 132, 82 and 182 weld metal 23
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RESULTS (CGR of Alloys 132,82 and 182) % "MTsusisH

Crack Growth Rate (m/s)

1.E-08

fam—y
£
[—]
(4}

LE10 |

LEI11 |

1.E-12

| Holding time
-~ 9000sec —
_—
N
===
182we . :TS
n B o LS
o LS A LT
2 LT 82weld
, ! ‘ *\ :TL @ LS ‘
| . | | I 5 I i

0 10 20 30 %(MPam"go 70 80 90 100

Figure Comparison between CGR of
Alloys 132, 82 and 182 weld metal

182 weld(325°C)
W.Banford

Alloy 600 (325°C)
P.Scott

PWSCC GRs
Alloy 182

= Alloy132

> Alloy600

24
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4 DISCUSSIONS

“the effect of periodic unloading on the CGR”.
(1) Maintaining of the straight crack front

- (2) The effect of the holding time on
acceleration of the SCC GR

(3) Reducing SCC incubation time
5. SWUI\/ IMARY
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DISCUSSIONS MERYY INDUSTIRIES L0,

1. Maintaining of the straight crack front

The straight crack front was not  SCC agea Strai(g}lt t
gained for the specimens of the 3 Jracetron
Alloy 132 under constant loading

in spite of periodic unloadinﬁ.

The PWSCC susceptibility is affected by the Metal.
Condi. of the G.B. And the Metal. Condi. of G.B.
for W.M. is very complicated.

<L L

The periodic unloading method has not to be applicable
for the ID PWSCC GR measurement of Ni based W. M.,
to maintain the straight crack front.

26
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¢ MITSUBISHI

DISCUSSIONS &'w HEAYY INDUSTRIES (To.

2. The effect of holding time on acceleration of the SCC GR

0.3hrs(1080sec)
0.1hrs(36f)sec)l 2.51111‘8(900088(:) Constant

1.E-08 R 0 B
= s 132(L
7 LT . e 132 (LS, TS)
E«I.EOQ s e o 82 (LS)
:'E Jiali:
%1.1}10_ = QL |
O
= |
[®)
S 1.E11
® K=35MPa\Vm
| i A | 325°C
1.E12 T L LTI L B/Li:1800/3.5ppm
: ; 000
o . Holdilng Timtle(zhrs) 100 1 DO<0.005ppm
DH=30cc/kg H, O

Figure The effect of holding time for cyclic loading on CGRs

271
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DISCUSSIONS W HEAVY,INDOSTRIES LTE
2. The effect of holding time on acceleration of the SCC GR

0.3hrs(1080sec)

0.1,,,.8(36?3“) 2.5hrs(9000sec) Constant
1.E‘08 F 1 I R A -ttt
a  132(LT)
Q = o 132 (LS,TS)
E 1LE09 | AL o 82 (LS)
E - o—2
e t
T LE10 | h
: .
O : |
E |
S LEI11
5 | | ? K=35MPaVm
N | 325°C
1.E12 L B/Li:1800/3.5ppm
0.01 0.1 1 10 100 1000 | DO<0.005ppm
Holding Time (hrs) DH=30cc/ll()§ H.O
Figure The effect of holding time for cyclic loading on CGRs B

Uiy
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DISCUSSIONS et

3. Reducing SCC incubation time

10

Constant — perjodic
- Load Unloading

R=0.7
Holding Time: 9000sec.

©
o

da/dt=2.4E-10(m/s)

Crack Length (mm)

1
*.
¢

v

Remarkably
changed

- ¢
8 0100 200 300 400 500 600 700 800 900 1000

Testing Time (hrs)
The recommended holding times will vary for different
materials and specimen orientations. »9
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DISCUSSIONS miTsuBISHI

3. Reducing SCC incubation time

Periodic unloading is recommended for producing the
ID pre-crack for the PWSCC GR measurement test. But,
the effect of periodic unloading on the real PWSCC GR
is not always well known.

The ID PWSCC GR measurement test should be
conducted under constant loading or trapezoidal wave

with a sufficiently long holding time to eliminate the
influence of fatigue.

30
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SUMMARY | MEAVY INDUSTRIES LTE.

(1) The PWSCC GR of Alloy 132 in this study was not
larger than that of Alloy 182 reported in the literature.

(1) 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 LT specimen.

(1) The crack front of PWSCC on the fracture surface of
specimens was not uniform, even under P.U.

(1) P.U. is recommended for producing the ID pre-crack
for the PWSCC GR measurement test. The ID
PWSCC GR measurement test should be conducted
under C.L. or trapezoidal wave with sufficiently long
holding time to eliminate the effect of fatigue. %2
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of Alloy 600 Heat Affected Zones
Exposed to High Purity Water

George A. Young, Nathan Lewis,
and David S. Morton |

Lockheed Martin Corporation
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LOCKHNEED

- Main Pomts

d Need to consider SCCGR of
HAZ independently of base
metal (and weld metal) Weld

 Data presented here likely
not worst case

O Other nickel-base alloys

(e.g. A690) likely show
increased susceptibility to ~ Metal
PWSCC in the HAZ

 NRC Conference on Vessel Head Penetration Inspection, Ci‘acking, and Repairs
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Background

U Vessel head penetration SCC in three locations
From A600 penetration ID to OD
In E-182 weld metal

Near the interface of the A60O penetration and the J-
groove weld - is this SCC in the HAZ?

J Primary water stress corrosion ,cvr;ac‘k growth rate of
A600 and its weld metals are well studied - what
about the A600 heat affected zone (HAZ)? |

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Machine 1.0 CT Specimens from
EN82H/A600 HAZ, no PWHT

A600
Hot Rolled Annealed
0.071wt. %6 C

GTAW weld buildup of EN82H ki

Mill Annealed A600 plate

Heat
Affected
one

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Notch and precrack entirely in the HAZ

Heat

Affected
one

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Testing Goals and Conditions
[ Determine temperature dependence (Qscccr)
Constant electrochemical potential
[ Determine effect of coolant H, around Ni/NiO
— O ™“Constant” K (constant load) |
- O Each sample destructively examined post test

Initial Stress
Temperature—|——Hydrogen——|—Approximate AECP Intensity Factor
(°F /°C) (sce/kg) from Ni/NiO (mV) (ksi\/;’; )

__600/316 | 9 B R 40-
1 40

640 /338 18 40
| 40

630 /360 30 40

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Results
1 SCC occurred entirely in the A600 HAZ

!

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Branched IGSCC in the A600 HAZ

; NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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LOCKHEED Mnnrﬁ
The A600 HAZ displayed ~30X faster
crack growth rates than the base metal

A600 HAZ Data
S-L orientation
Oys ~43 ksi at 75°F

.| A600 Base Plate
S-L Orientation

Oys ~35 ksi at 75°F

>
®
=
LL
E
)
wand
Q
(04
i =
e
S
(@)
L
o
X
3]
®
|
&)

1/ Temperature (K'1)

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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The Q for the HAZ is ~ 125kJ/mol

within experimental error of unaffected base metal

95% Confidence

]

for Crack Growth (kcal/mol)

:

Apparent Activation Energy

.

%

(kJ/mol)

A

LTA A600 LTA A600
Base Metal Base Metal

A600
HAZ

40 scc, kg, , Constant ECP Constant ECP

f NRC Conferéhce on Vessel Head Penetration Inspection, Cracking, and Repairs
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608

—
0 Need to _ T

ConSider AECP 10 - Constant

Hydrogen
40 scc/kg

when

determining the E

apparent g 1- %

activation 5 V

energy, Q, for é "~ rom NGO Ni Metal
(‘3 Stability

crack growth

1 Conduct tests at
constant AECP
or well into Ni
metal stability

for ‘true’ Q

Yy S
See Morton et al., in 10th Env. Deg. Conf. NACE 2001

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs

Ni/NiO Phase
Transition at
Peak

NiO
Stability

cB7
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The ‘coolant hydrogen effect’ for the HAZ
is nearly identical the base metal (~2. 8X)

LI l LU l LI

A600 HAZ Data |
— HAZ Curve Fit |

A600 HAZ
Data

AN

Mill Annealed A600
from Morton

A
\

| O
1.0 1 1 I4l I‘{I I I | I T

-150 -100 -50 100 150 B
{ECPynio - ECP} (mV)

NRc Conference on \Iessel Head Penetratlon Inspection, Cracking, and Repairs
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Why does the A600 HAZ SCC at fast rates?
Fewer grain boundary Cr-rich carbides

- . P — o 3 : ) - .‘ ’.,
A600 H ‘ ; ' Y ‘

01 1378
§ 018000

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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(1) Microhardness
(2) Strain Quantification via EBS
(3) Strain Mapping via EBSD

A600 Base Metal

NRC Conferencé on Vessel Head Penetration Inspection, Cracking, and Repairs
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The HAZ shows increased hardness
relative to the unaffected base metal

Weld Meta'l . Heat-Affectéd : Base Metal
(EN82H) ! ‘ (Alioy 600)

1\
AW

N

121

o
|

n
N
<]
c
©
L
@
L
Q.
o
o
C
X

N N N N

N W o N

o Qo o o
| | | |

40 60 80 100 120 140 160 180 200 220
Distance from First Point (mils)

” NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Why does the A600 HAZ SCC at fast rates?
increased plastic strain (~6%) in the HAZ

FaVK/frlgm <«— A600 HAZ —> EN82H GTA Weld
e -~

I, 300 1. GMO; Step=5 ym; Gid200x200

I 300 (. GMO; Step=5 um; Gid200x200

Open Component Ni-superalloy [96.5%] P . ) < 3 ' g
7 \\ et 3 - .
ot g e
o 1 é 3‘ 4 é 6 7 8 g 10 g B
Low strainmmmmmsssss s High strain

Misorientation (°) I - 00 11 MO Step=10 pm; Grid200x200

NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs Page 16
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Discussion

1 The HAZ tested was from a very PWSCC resistant base
plate (well annealed, good microstructure). Other
heats may show significantly different crack growth

rates.

- 1 The HAZ tested was low constraint (~6% ¢). Higher |

constraint welds may contain higher plastic strains
(~15% ¢ ?7) and exhibit faster crack growth rates.

See Young et al. in 61 International Conference on Trends in o
Welding Research, ASM, 15 April 2002, pp. 912-917.

NRC Cohrf‘éréhcé\onMVessel Head Penetration Inspection, Cracking, and Repairs
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LOCKHEED MARTIW:

Discussion

[ Other nickel-base alloys which rely on grain boundary
Cr-rich precipitates for PWSCC resistance (e.g. A690)
may show increased susceptibility to PWSCC in the

O Post weld heat treatment / bead tempermg may help

recover PWSCC resistance but ..
plastic strain may promote mtra VS. mtergranular carblde

precipitation

may need significantly Ionger PWHT times (or hlgher T)
than are typical

: NRQ Conference on ‘Vessel Head Penetration Inspection, Cracking, and Repairs
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Conclusions

0 Need to consider PWSCC of the HAZ separately from
the base metal and weld metal.

~ U The susceptibility of the HAZ is due to:

Loss of grain boundary Cr,C, carbides
(Less grain boundary Cr depletion)

Residual-plastic-strain-from-welding

U The temperature dependence of the A600 HAZ SCCi Is

very similar to unaffected base metal
AGOO HAZ 125 kJ/mol + 47 kJ/mol |95cy
‘Typical’ A600 base metal 145 kJ/mol + 18 kJ/mol |95%

. NRC Conference on Vessel Head Penetration Inspection, Cracking, and Repairs
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Conclusions

O The ‘coolant hydrogen effect’ in the A600 HAZ is |
~2.8X, similar to the unaffected base metal

d The A600 HAZ studied is Ilkely not the worst case

HAZ

O Other nickel-base alloys which rely ongrain
boundary Cr-rich precipitates for PWSCC resistance

(e.g. A690) may show increased susceptibility to
PWSCC in the HAZ.

NRC Coﬁference on Vessel Head Penetration Inspection, Cracking, and Repairs
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In-situ Raman Spectroscopic Study on Alloy 600

CRDM Nozzle Material and Its Implications

Ji Hyun Kim, Il Soon Hwang
Department of Nuclear Engineering, Seoul National University
and
Tae Ryong Kim
Korea Electric Power Research Institute
Republic of Korea

Conference on Vessel Penetration Inspection, Cracking and Repairs
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> 1. Introduction

> 2. Rationale and Approach

» 3. In-situ Raman Spectroscopy

> 4. Results

» 5. Ni/NiO Equilibrium & Implication to PWSCC

» 6. Conclusions

Nuclear

&) Seoul National University
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»No general agreement

on the mechanism of
PWSCC

»>It is conceivable that

the damage to the
alloy substrate is
related with the
integrity of surface
oxide film

Materials
-Cr

Envz‘mitmenmlly
Assisted
Cracking

E " S e s s

&) Seoul National University

Nuclear Materials Lab. 4
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H, overpressure

s <1 30 2000
Alloy 600

‘Weigh n
measurement 80nm | 175n | 60nm
-X-ray diffraction mn "
Alloy 690

- Weight | 3onm | 40nm | 250m
measurement

{&} Seoul National University

(C. Soustelle et al. >99)
» Total amount of oxidized metal(oxide+dissolved cations) as well as oxide
thickness are maximum at the intermediate hydrogen overpressure.

Nuclear Materials

Lab. 6
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» The characterization of the oxide film of alloy 600 under
PWR primary water conditions

& one of key elements for understanding how the oxide film behaves in
the cracking process.

» In-situ study can give potentially a clearer picture of the

corrosion mechanism

& Removal of the material from the corrosion environment can result
in modification of the oxide film structure and chemistry.

» In-situ oxide study in high temperature water

& for pure metals and alloys in air-saturated or BWR water
% by T. Devine et al. and J. Maslar et al.

= Need in-situ information on oxide film of alloy 600 in PWR
environment

L e

R S e RS

v



oc8

B} Seoul National University
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» Characterization of oxide structure and chemistry
under various PWR environments by in-situ
experimental method

U Ex-situ reference oxide powder experiment
U In-situ experiment at various PWR conditions

U Ni/NiO domain on ECP-T coordinate
Y Comparison with thermochemical calculations on Ni/NiO

% Oxide structure examination

Y Comparison of oxide chemistry with earlier ex-situ
results

Nuclear Materials Lab.
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» Raman spectroscopy

Y the measurement of the
wavelength and intensity of
inelastically scattered light
from molecules by irradiating
a sample with the
monochromatic radiation from
a laser.

% Performed by collecting the
light that is inelastically
scattered by the sample.

Energy

Intensity

4 _
a b A e f
a,d : Rayleigh
A
¢, f’: Anti-Stokes b, :{ : Stokes
Raman aman
| l )

Shift

G155 e A s Sl S e S R R e R

B Seoul National University

Nuclear Materials La

i Ak ¥ e e |

b.
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> Material

) iversity Nucl\éﬂya‘ry wI‘\’V“I‘I&a\‘t‘e'riaIs La

& Alloy 600 : hot forged, SA at 1050°C for 2hrs and water cooled

Elem| C |[Mn|Fe | S | Si |[Cu|Ni|Cr|Al|Ti (Nb| P | B | N
[Comp,| 0.06|0.26 | 8.310.001| 0.3 |0.12175.12]15.25/0.16 | 0.36 | 0.04 10.009/0.002/0.001

> Water environment

%, PWR primary water chemistry
v’ Deionized and deaerated water : DO, < 10 ppb (inlet)
v'Boron: 1,000 ppm, Lithium : 2 ppm

% Hydrogen gas injection
v Pure hydrogen gas of 0.7 atm overpressure : ~ 30 cm3(STP)/kg

v'5% hydrogen & 95 % He of 0.6 atm overpressure : ~ 1
em’(STP)/kg

% Temperature : 250 ~ 350 C
% Pressure : 180 atm

b- 10

R AR ¥ R Bt et i T P Y
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Spectromete

T

Vi
N

H
|

Vent

& Seoul National University

Storage Tank

Bandpass
filter

Charging Pump

Autoclave

LN}

Rupture

Heat Exchanger

Dram

Back Pressure‘ 6
Regulator

Nuclear Materials Lab. 11
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man Spectroscopy
» Bird’s-eye view of Raman system
Spectrometer

f.1.: 550mm, /6.4
Coupling lens

f.l1.: 300mm
CCD
Bl, LN2 cooled Ar* Laser
Holographic Ll
notch filter
, CCD
Coll_ectlon lens Cibrolii
f.l.: 300mm Bandpass
Mirror Filter
Anti-vibration
Focusing Lens Optical Table
f.l.: 150mm
& Seoul National University Nuclear Materials Lab. ,

CSQ
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Raman Spectroscopy

@& Seoul National University

Load reaction cage-

Tensile specimen+

X\\f

Single

I;"fere.“ce electrode- Gold plated flat Iube s
Specimen washer as a
2 N 0205 //,Z//M
Tm E Laser beam
JLU | path
YA 257 A,
TLl)e Cap /‘LVD dld%ond \\\\\\\ 1——1V‘L11
Conical Disk Washer Connector

Crystal Sapphlr
¢— Autoclave wall

N

Water Air

Nuclear Materials Lab. 13
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» Reference Raman spectra measurement in air

Ein i e S R il e Gt R U L L i R S S AV G e
& Seoul National University

S e S P e i

L NiO

Y NiFe, 0O,
% Cr,0,

% NiCr,0,

» In-situ Raman spectra measurement

& Dissolved hydrogen concentration variation
% Temperature variation

Nuclear Materials Lab. 14
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Z
=)

Intensity(arbitary units)

\
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& Seoul National University

1100

» NiFe,O
4

» NiCr,0
4

Intensity (arbitary units)

Intensity (arbitrary units)

Reference Powder in Air at RT

NiFe,O, [38]
-785nm excitation

---------

---------

vvvvvvvvv

--------

500 600 700 800
Raman Shift (cm”)
|
| NiCr,0, [38]
-785nm excitationt
| /\‘AN'*/\__./
//\_)
\\\ | } Measured
P N e
400 500 600 700 800
Raman Shift (cm’)
Nuclear Materials Lab. 15
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» Temperature and alloy 600 exposure time prior to
in-situ Raman spectra measurements

Total exposure time prior| Hold time at each
Temperature )
() to first measurement at |temperature prior to first
temperature (h) measurement (h)
250 28 2
290 33.5 3
320 . 42 7
350-1 47.5 3.5
350-11 69.5 20.5

* 1@ Seoul National University ~ Nuclear Materials Lab.
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Intensity (arbitrary units)

in PWR conditions

» In-situ Raman Spectra with DH,=30cc/kg

Species Peaks
NiCr,0, 430 510 682
CrOOH ca. 546-587

111 VI

Cr/Cr™ 1340-350 840-880
oxide

NiFe,0, 570 704
NiO 550 910
Sapphire 417 751

T T S e TR NN
350°C-i | ' ' | '
S _C’OOEH !
350°C-1 - | N’?l . Nicto, | |
j 5; 5 1 i Cr-Oxide
. ™ g | | o
320°C™ |
2200, N g
P m,\‘ i
i L N | i
AL T 'y
280°C fyd T T ATl
Sa ire “"\W | s
L sephie T
f T i Y i T | L i

Raman Shift (cm'1)

& Seoul National University

L] | ] L] I L]
300 400 500 600 700 800 900 1000 1100

Nuclear Materials Lab.
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in PWR conditions

9¢8
Intensity (arbitrary units)

CrC:)OH" !
BT

Cr-oxide

» In-situ Raman Spectra with DH,=1cc/kg

Species

Peaks

CrOOH

ca. 546-587

Crlll/CrV1 oxide

340-350 840-880

NiO

5580 910

NiCr,0O,

430 510 682

i
|

600

Raman Shift (cm™)
@& Seoul National University

L

Nuclear Materials Lab.
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n PWR conditions

» Change of dissolved hydrogen concentration

L 1ce/kg -> 30cc/kg

Intensity (arbitrary units)

3505C,DH,=30cc/kg

[\ croon
B ks
M ‘ | NlClr:?O‘, :

I\

Dissolved Oxygen Contents (ppb)

Effect of

50 35
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&) Seoul National University

. . |
0 2 4 Time(ﬁhours) 8 10 12
Species Peaks
CrOOH ca. 546-587
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oxide
NiO 550 910
NiCr O, 510 682

Nuclear Materials Lab.
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 in-situ vs. ex-situ

» After cool-down to room temp. and exposure to air
Y No remarkable change in Raman spectrum
Y lower of Cr-oxide peak(~870cm™!) : absence of borate

! T ' T T ! T T T ! T T

‘ £ ‘ M_OCI’ObH " 5 :

g A [ 4] N Cré04 A Cr-oxide + Borate

- u»»“: “«“«w‘,\v/\\} L;/// \ | l {NiO
2 | U | e
= 0 L\
= 350°C,DH_=30cc/kg 1\
= i : ! LN
g 5 1 \\“‘&
2 Cool down | R
= ‘ 2 : ; ™

| . : \

2 Room temperature | \
> : ol , 1
= ~air condition
5 41
= E

S i T ek e aae 1 — T
300 400 500 600 700 800 900 1000 1100
Raman Shift (cm™)

® Seoul National University Nuclear Materials Lab.
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» Comparison with past work

(Tllllils-iift:rk) Soustelle et al. Caron | Nakagawa et al.
Method |In-situ Raman| GDOS+EDS | Xps pynehrotron XRD
+ TEM
T (°C) 350 360 330 320
E;‘:"(sﬁ'r‘:) 71 300 1869 1000
Oxide(s) (; r(());:;le uﬂ’;‘i‘g:c(t)“)‘yfr (Ni+Cr-rich)
at high ’ 24 NiCr,O oxide +
. I 24
NiO Precipitates .
DH, . e O Ppt. (NiFe,O,))
Oxide(s) ey Compact layer . .
- . NiO
at low DH, Crl\?igde’ (NiCr,0,) NiO :

@) Seoul National University

Nuclear Materials Lab.
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» NiFe,O, detected at high DH, condition in ex-situ studies

could not be observed in-situ at above 290 'C. Suppression of
precipitate layers in this work is attributed as the cause for
the difference. But FE-SEM post-examination of oxide
showed scarcity of precipitates on film.

» CrOOH that was not detected in the past was observed by
Raman.

» NiO, Cr,0;, NiCr,0, were observed in agreement with
results of earlier ex-situ studies.

TEM mlcrograph

@SeoulvNatlonalmvekrsnty“ Nuclear Materlalé Lab 0
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>Regularsolutlontheory S
%, Enthalpy of mixing
v Hertzman & Sundman (1985)

v Use binary interaction coefficients to describe the enthalpy of mixing and
extrapolation of high temperature (> 1100 K) thermodynamic data

% Standard Gibbs energy of formatlon of austenitic Ni-Cr-Fe solid
SOI“R})@;(alloy) ZxA G2 (i, fcc)+RT2x Inx,+*G;+"*%G;

where A .G (alloy) standard Gibbs energy of formation of the alloy
A ,G;(i, fec) = standard Gibbs energy of formation of component i
in the fcc structure of alloy
EG? = excess Gibbs energy

"% G, = standard Gibbs energy due to magnetic ordering

» Chemical thermodynamic data
% Room temperature data: standard literature source and HSC database
& HT data by Criss-Cobble, HKF relation and extrapolation procedure
% Data for chromium hydrolysis species : Ziemniak (1998)
% Data for nickel and iron hydrolys1s spec1es Tremame et al. (1980)

RURATIORE

@ SeouINatlonaImverSIty . - o o Nuclear Mater|a|sLab“ |
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asured & predicted
» DH2 vs. T and Comaprision with Earlier Wor

— Predicted Ni/NiO equlibrium for alloy 600
Measured by CER method [Attanasio et al.,2001]
® NiO observed for alloy 600 in this study
O NiO non-observed for alloy 600 in this study

& Seoul National 'Univers/ity Nuclear Materials Lab.
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pilibrium: Implication to PWSCC

Influence of temperature and [H,] Figure 8: The Effect of Dissulved Hydrogen on Allovs
for K; = 30 MPavm 600 und X750 HTH SCCGR Extrapolated Down to
1o ! |7kPa 148 kPa 25 Cﬁ 5
L \ :
4 % il X750 HTH
E 10¢efkg H;
g 4 EI '.
9
g 3 g‘,}.?j_ﬁfﬁj b -
10"2 ; | } 0 : &
No SCC ; i
| 10 1:30 0 1000 A0 &) 0 5 1
[H2] (mL.kg") ] EcPyunsorECP (V)

(T. Cassagne et al. ’97 @ 330C)  (S. Attanasio et al., 01 @ 288C)

& Seoul National University Nuclear Materials Lab.
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Accelerated corrosion due to  New Hypothesis on PWSCC

Tetragonal/Monoclinic Redox alteration of Ni/NiO

phase transition of ZrO2 may enhance film-percolation
and PWSCC

PRETRANS: AW'sky
POST-TRANS: AW-kt
190 ym Safety limit (17% of wal)

TEMPERATURE, X

%5
E=gk -

‘Site peroolation
T0 1 30 40 B0 60 70 PRercdation modd of aflowtrougha Aurvting andogy for the distinction
oo poas medumitha is modded asa Betweensite peradation and bord
Oxidation behavior of zirconium alloys in Phase diagram of Zirconium netwok o intercomedted charmds., peradiation
nuclear power plants [Edward Hillner, 1977] oxide [F. Garzarolli,1991]
Nk Miterics Loboratary 16
Nctear Materiafs Laboratory 5
T B D e A Y O T RS o
& Seoul National University Nuclear Materials Lab.
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Implication to Mitigation Effort

»Tighter DH2 Control at PWR
=DH2 controlled by cover gas pressure in CVCS
=H2 pressure may vary with time(0~50 cc/kg?)

»Systematic investigation on DH2 effect
~ "Initiation and crack growth rate study as function of
DH2, temperature and stress
=mExplore alternate DH2 levels;
=either lower or higher than now (30 cc/kg H20)

" ivééity | Nu'clkéar Matlériélé La‘b;“ | 57
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» In-situ Raman spectroscopy system was developed

to obtain needed information on oxide films on
Alloy 600 in in PWR water conditions .

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

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

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

» NiO, Cr,0; and NiCr,0, phases were observed, in
reasonable agreement with ex-situ results.

T T R P P R R SRR

@Sel ” ie;'sity “lﬂ\lkélxﬁe;;Matérials Lab o8
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» Ni/NiO equilibrium was determined as function of dissolved hydrogen
concentration and temperature.

Y 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.

% A good agreement was found between in-situ Raman results and
those from contact electrical resistance (CER) measurements on
Ni/NiO equilibrium.

» Fluctuation in DH2 in PWR may cause Ni/NiO alternation
and accelerate PWSCC

& Stable DH2 control at PWR is suggested

% Systematic study is needed for lower/higher DH2 control for
mitigation.

g e g ity oG R R PRGE Re S R S A S B R
&) Seoul National University Nuclear Materials La
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