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ABSTRACT

These two volumes of proceedings contain the visual projections (in Volume I), and the contributed
manuscripts (in Volume II) 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, (II) Continued Plant Operation, (III)
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.
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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
dracking. 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.

/ Carl y Paperiello, Director
Office o 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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BACKGROUND

* Fall 2000
IN 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
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BACKGROUND (cont.)

* Spring 2002
*0 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
/ Prevalent weld cracking, & leak from a repaired nozzle
/ 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 deposits on the
RPV head
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
*0 Oconee Unit 1 - Leak from a plugged thermocouple nozzle
*N (Alloy 690 plug and 152 weld)
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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

-5-



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 3rd RFO or 5 years),
non-visual by 2008 (repeat every 4 th RFO or 7 years)

* Non-visual NDE is EITHER:
Ultrasonic with evaluation of interference fit leakage, OR
Wetted-surface examination

-6-



Order EA-03-009
Required Inspection Surfaces

0)-N
-AN Bare Metal Visual

Inspection Area

Ultrasonic
Inspection Area

- J-groove Weld

Wetted Surface
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

0)

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

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

* Post-outage report 60 days after restart

-8-



LICENSEE OPTIONS

* Request Director of NRR to relax or rescind requirements of the
order based on "good cause"1

* Requests for relaxation for specific VHP nozzles will be evaluated
using procedures for proposed alternatives to the ASME Code in

CD 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

-9-



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-



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
v * 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
$ Low frequency eddy current to demonstrate head integrity
*/ Enhanced UT to detect "triple-point" cracking

-11-



Calvert Cliffs
Order Inspection Limitations

I I

/ / Sleeve Expansion Points
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Farley Funnel Thread Inspection Limitation
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Typical RPV Noz
St. Lucie Unit 2
,zle With Threaded Guide Funnel

Yi
it 1 Inch
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nA

Weld

Threaded Gui
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1.25 inch
Ormwievo Not To Scee
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TOFD Transducer Coupling Limitations
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Millstone Power Station
Bare Metal Visual Inspection Restraints

0)
CD)mn
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OUTLOOK

* Goal is "permanent" requirements 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
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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

CO provide a generic analysis that could provide a technical basis for
C 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
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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

C)

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

*0 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

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

*N Proposed during teleconference July 8 - licensee submittal August 17

*o Small number of affected plants (4-5?), beginning this fall

Basis would be deterministic and/or probabilistic
0n

1j * 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-



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-



BULLETIN 2003-02: INFORMATION REQUEST

* RPV lower head penetration inspections performed to
date and findings

* Description of inspection program during next and
SUBSEQUENT refueling outages

a1)

* 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-



BULLETIN 2003-02 (continued)

* Within 30 days after plant restart following next lower
head inspection, summary of the inspections performed,
conditions 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

LO Background
Li Data Overview
Li Description of Compliant Self-Loaded Compact Tension Specimens
Li Context - EPRI Materials Reliability Program (MRP)
Li Use of Average Crack Growth Rate and Maximum-to-Average Ratio
LI Alloy 182 and Alloy 82 SCCGR Data

I Comparison to data from other investigators
L Comparison of the two alloys
Li Modeling approaches

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

L Both Alloys 182 and 82 are susceptible to primary water SCC
J VC Summer hot leg (http.//www.nrc.gov/NRC/REACTOR/SUMMER/index.htm)

0)
0)
WD

Cross-Section
of Weld

Main Crack

Alloy 82

_ Alloy 182 butter
Weld
repair

I Li
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Data Overview

CDC)

LI SCCGR data - compact tension (CT) specimens (most side-grooved)
IO Active load, bolt load, compliant self-loaded (CSLCTs) - precracked

II Alloy 182 and 82 welds
L Yield strengths of 454 to 530 (182) and 439 to 465 (82)
• Carbon levels v 0.02 and 0.03 wt% (182) and "' 0.045 wt% (82)

II High temperature hydrogenated water (pHT 6.6)
LI Single hydrogen concentration in each test (20, 30, 35, or 40 scc/kg)

LI Single temperature tests - 316 to 3600C
• Average K, of 33 to 46 MPaIm (182) and 23 to 55 MPa'/m (82)
• All T-S Orientation (growth from root to crown; parallel to dendrites)
LI 11 Alloy 182 data points - 2 heats
El 20 Alloy 82 data points - 3 heats

U Subjected to screening criteria similar to that used by EPRI-MRP group

LOCKHEED MARTINIV
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Compliant Self-Loaded Compact Tension Specimens

X-750
Ring -

0)

en IlIt m u
Bolt

0.6T CT

4.
Loading Method:
* 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
* Account for modulus changes due to heatup by increasing room temperature load

LOCKNEED MA1TIN5



CSLCT Specimen Qualification

1 E-09
SCC Growth
Rate, da/dt

(mis)

0)
0)
0)

1 E-10

1 E-11

1 E-12

A * Actively loaded

0 E CSLCT (Ring) loaded -

,- -- - --.-- ----- --- -
1Alloy X-750 HTH

------ - ---- -- - -- 360°C, 50 scc/ kg H2 |

Wrought Alloy 600
338'C, 40 scc/ kg H2 -------------------
------ ~ ~ ~ ~ 0 -- - - -- - - - -- - - -- - - - -- - - -- - -

0 10 20 30 40 50 60 70 80

K (MPa-m 1 /2 )

. Due to the compliance of the ring, load relaxation is minimal - even as SCC crack grows
* Can test up to 10 CSLCTs in a single 60 liter flowing autoclave (with LVDTs) - efficient

LOCKNEFED MARTIN6
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Specimen Fabrication

Wed * Arrows indicate welding direction
~~~~Buildup R,,ll,

Carbon Steel

0)

-4

I2 TS orientation
Li SCCGR faster along the long axis of the Carbon Steel

dendrites (TS, LS) than perpendicular to
dendrites (e.g., TL)

LI Proven by Bamford etal and others S
LI Weld process: Z T

LI 182: Manual shielded metal arc welding
Li 82: Automatic gas tungsten arc welding

LOCKHREED MARTIN7
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EPRI Materials Reliability Program (MRP) Work

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

L EPRI MRP-55 - Wrought Alloy 600 SCCGR Model (2002)
• View/analyze present weld data in palt using methods from MRP-55
• Scott model - uses threshold Kof 9 MPaIm
LI Thermal activation energy (QSCCGR) = 130 I/mole (31 kcal/mole)

Xddt =8 K 911 ep-33140 T -598.15)

(da/dtin m/s, Kin MPa'lm, Tin Kelvin)
L Each heat described by its value of ca
U Data from different temperatures normalized to 3250C

• Le Hong etal - Alloy 182 QSCCGR is - 130 kJ/mole (EDF, ETH, CEA data)
• Mills and Brown - Alloy 82 QSCCGR = 130 to 150 kJ/mole (31-35 kcal/mole)

J In the present work, Alloy 82 and 182 data normalized using 130 kI/mole

8 LOCKHEED MARTIN



Data Screening Criteria

Li Single condition test
L ASTM E647 Size Criteria (flow strength at temperature) 2 mm
LI Minimum average crack extension = 0.2 mm
LI Data based on post-test destructive examination (DE)
Ii Periodic unload-reload only if hold time > 60 minutes

0) LI Careful autoclave chemistry control (including 12) ,
LI Minimum 'engagement' of fatigue precrack = 50%

Q Quantifies the percentage of precrack length with SCC
IO All Lockheed Martin (LM) SCCGR data herein pass -

these screening criteria Post-test Air fatigue
fatigue precrack

O LM Data reported as SCCGRaVe, rather than as SCCGRmax
IJ Also report maximum-to-average SCC extension ratio (RATIO)

LO RATIO used by Lockheed Martin (LM) and by Mills (Bechtel)

LOCKNEED MARTIN
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Max./Ave. Ratio Decreases as the Crack Grows

8
RATIO,

R 7

rAama;
LXaave 6

5

4

3

2

1

.. * Alloy 182 (Lockheed Martin)
A Alloy 82 (Lockheed Martin)

- 0 Mills (Alloy 82, constant load)
. Mills (Alloy 82, unload-reload)

-Best estimate ratio fit

A

] AA - . _

Actual Crack Front ~Maximum Depth Location

{ \ / |Maximum
Average Crack 'rack Profile

Profile B /avA

i u4 1
2 ave

Surface Location(s)

0)
-4
CD

A Iln(RATIO-1) = 2.48-0.762*ln(AaaveIAaref)I

a

* Crack fronts often
uneven

* Cracking initially
occurs as discrete
'fingers', then
becomes more
uniform

0 1 2 3 4 5 6 7

A aave [ile., SCC extension] (mm)

* To broaden the ratio data set, some data were used that do not pass the screening criteria
* LM: Aamax is maximum SCC depth at any location along the crack front
* Mills: Aamax is maximum SCC depth at the DE measurement locations (ASTM E813)
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Maximum SCCGR Depends on Test Duration

Aamax

or
Aaave

(mm)

4.0

3.5

3.0

SCCGRmax for test
time of 0.25 years ,

, SCCGRmax for test
time of 1 year

0
,

2.5

2.0

, - - I -

I"
I,

*Assumes no
incubation
time, or that
the data are
corrected for
incubation time
using in-situ
instrumentation
*All SCCGR
data reported
herein are
average rates
(SCCGRave)
*Also report the
maximum-to-
average ratio

0)-4

1.5

1.0

0.5

0.0

Assume SCCGRave = 1 mm/yr

Aamax = Aamax-O + RATIO*Aaave

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Time (years)
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Use RATIO to Infer % Engagement

18
RATIO
Aamax 16
Aaave 14

12

10

8

6

4

2

0

|Alloy 82 WeldS

\ . 50% engaglemen t
* is equivalent to a

RATByIt~O of 5 -

- ------- ----- --

-J

20 30 40 50 60 70
Percent Engagement

80 90 100

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

C E A
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Use SCC Extent to Infer % Engagement

4.0
Avg.
SCC

extent
Aaave

(mm)

3.5

3.0

0,
4.

co3

2.5

2.0

1.5

1.0

0.5

0.0
20 30 40 50 60 70 80 90 100

Percent Engagement

* Some of the data shown in this plot did not meet the screening criteria
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Alloy 182 SCCGRs and Comparison to Other Data

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

Alloy 182 Data
Normalized to 3250 C using 130 kI/mole

-~~~~~ -4 - --I - - - - - - - - - - - -- -,
-X -1. , ! - - - - -

.- - -----,. ---

* 3 Westinghouse
data points
screened due to
Aaave< 0.2 mm

. LM refers to
Lockheed Martin

1 E-10
- - - - --- - -- - - - - ---

Data .. ... .,.. ;. re .f . '. ' T' '''
|[Data in orange are from Westinghouse (W) Tests

0)
-4

1 E-11

1 E-12

-- * Heat LM182-1 (TS)
A Heat LM182-2b (TS)

-- EDF weld (TS)
El Studsvik weld (TS)

* Heat LM182-2a
1 mm/yr

o W weld (TS)
A EDF weld (LS)

(TS) -

0 10 20 30 40 50 60 70

K (MPa-m 1 /2 )

* Compare to published data where average SCCGR was reported (fairest comparison)
* Westinghouse data - 3 welds (W, EDF, Studsvik); carbon 0.025 to 0.053 wt%
* All root-to-crown growth; LM - 35 or 40 scc/kg H2, Westinghouse (W) - 25 scc/kg H2
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Alloy 82 SCCGRs and Comparison to Other Data

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

0c

(31

1 E-10

1 E-11

1 E-12

Alloy 82 Data
Normalized to 325°C using 130 kJ/mole-

3 data points u-----
at 20 cc/kg H2  L

=- -- - --- - - - A, -- t -- I

* LM Heat 82-1 (TS) * LM Heat 82-2 (TS)
A LM Heat 82-3 (TS) 1 mm/yr
o Bechtel Weld C-3 (TS) A Bechtel Weld C-4 (TS)

0 10 20 30 40 50 60 70

K (MPa-ml/ 2)

* Compare to published data where average SCCGR was reported (fairest comparison)
* All root-to-crown growth; LM data 20 or 40 scc/kg H2; Bechtel data 40 to 60 scc/kg H2
* Some of the variability in heat LM82-2 caused by H2 (highest SCCGRs at 20 scc/kg H2)

LOCKNEFED MARTIN
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Comparison of Alloy 182 and Alloy 82 - SCCGRs

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

Alloy 182 and Alloy 82 Data
Normalized to 3250C using 130 Id/mole F

0)

1 E-10

1 E-11

1 E-12

A
.,- I Ax .. 4 D _AI:

0 t .

- ---- ------

* Lockheed Martin 182 (TS)
------- U : Westinghouse 182 (TS,LS)

* Lockheed Martin 82 (TS)
A Bechtel 82 (TS)

. 1 mm/yr

0 10 20 30 40 50 60 70

K (MPa-m 1 /2)
* Alloy 182 SCCGRs are faster on average ("15 vs. 20 %Cr, weld process, carbon levels)

* May be appropriate to model 182 and 82 using an offset
* Insufficient data to identify and/or quantify an SCCGR threshold
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Empirical Modeling - Evaluate Three Model Forms

L All three forms are exponential in temperature, power law in K1

J Use data from both 182 and 82 to determine KT, l/T dependencies
LI Not enough data to determine independently (most of 182 data at 'V 3250C)
El Treat with an offset since the two weld metals appear to have different rates

Li General model form:

CD
da KI - Kth 8 Q]

- =A .Bmaterial* 'K 0  exp[- RT
dt K -

Li

LI

Model 1:
Model 2:
Model 3:

LI Koisa

Kth = 0

Kth = 9

Kth = 9, flfixed at 1.16 (Scott form)
normalizing value (1 MParm)

LA nor17



Model 1: No Threshold, K Dependence not Fixed

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

1 E-10

1 E-11

1 E-12

Alloy 1L82 and Alloy 82 Data
Normalized to 325°C using 130 Icl/mole

_ _ _ _ L- - --T-'

s * 4

___^___ W * _
\ > _ A 2 :.1. . ........ ' :.: .1:

. R2 = 0.550
* Std. Dev. = 0.760

I
I * Lockheed Martin 182 (TS)
--------------------- I* Westinghouse 182 (TSLS)
--- -0 Lockheed Martin 82 (TS)

A Bechtel 82 (TS)
1 mm/yr

-Alloy 182 Model 1
-Alloy 82 Model 1

0 10 20 30 40 50 60 70

K (MPa-m1 /2)

da 04.272 182 .K, 0)9 *exp ,30

dt 1.000 82 1 8.314-T
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Model 2: Threshold (Kth = 9), K Dependence not Fixed

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

:Alloy 182 and Alloy 82 Data
Normalized to 3250C using 130 kI/mole I * R2 = 0.549

* Std. Dev. = 0.760

r -- - -- --- ---
-- - - -- -- --- --- -- - -- -

1 E-10

0)
4O

1 E-11

1 E-12

------ -- - - --- ---
/ *I- - --- 0 .--- -- - - - - - - - - --..-

* Lockheed Martin 182 (TS)
--------- ---- * Westinghouse 182 (TS,LS)

- - - -. 0 Lockheed Martin 82 (TS)
A Bechtel 82 (TS)
I 1 mm/yr

-Alloy 182 Model 2
-Alloy 82 Model 2

0 10 20 30 40 50 60 70

K (MPa-m1 /2)

da /4.267 182\ (K -9 0 723
= 71.24- --

dt 1.000 82 / 1
150,20

.exp 8.314. T
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Model 3: Threshold (Kth = 9), K Dependence = 1.16

Normalized 1 E-08
SCC Growth Alloy 182 and Alloy 82 Data * R2 = 0.520
S Growth Normalized to 3250C using 130 kl/mole I * Std. Dev. = 0.764

0)
0

(m/s) 1 E-09

1 =ifln

a- --- - -

I . 0 - - -

= _ _ _ _ _ _ _ _ _

-- -- - -- - - ----/ - --- I* . -- - - -

* Lockheed Martin 182 (TS)
1 E l _---- --- -- -- ---- - Westinghouse 182 (TS,LS)

-/ ----- ---- * Lockheed Martin 82 (TS)
A Bechtel 82 (TS)

1 mm/yr
-Alloy 182 Model 3 (Scott form)

1 E-12 Alloy 82 Model 3 (Scott form)

0 10 20 30 40 50 60 70

K (MPa-ml/ 2)

da 5 4.618 182/ rK-9 1.1 6  [127900
=5.028 * exp_

dt (1.000 82 1 8.314 T
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Comparison of Models 1, 2, and 3

Normalized
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

1 E-10

:Alloy 182 and Alloy 82 Models

0 ~' ..........'''

-------- - ---C:;

-----------
. -Alloy 182 Model 1

-Alloy 182 Model 2
-----*---- -.A lloy 182 M odel 3

-- -Alloy 82 Model 1
-AIlloy 82 Model 2

..Alloy 82 Model 3
.___ 1 mm/yr

0)cO

1 E-11

1 E-12
0 10 20 30 40 50 60 70

K (MPa-m 1/2)

* Models 1 & 2 very similar for KI 2 20 MPaIm (important region for flaw disposition)
* Model 3 (Scott form) within < 1.5X of other models for 20 MPa'lm < KI < 70 MPa'm
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Model Summary

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

°' QSCCGR values are 128 to 150 kJ/mol
LI K dependencies are tv 0.7 to 1.0 (when not forced to 1.16)

Ul Somewhat lower than Scott model, but not very different than 1.16
I K dependence of Alloy 182 may be lower than that of Alloy 82

00 U EDF/ETH/CEA SCCGRmax data for Alloy 182 suggest a low K-dependence (K0 '1)

El Weld variability is an issue for all three models (R2 values 0.55)
LI Attempted to collapse the data using a K-l/T interaction:

d=A-Bmaterial- exp- exp )
dt OR.Tj R-Tj

C3 No measureable improvement in either R2 or standard deviation
C3 Not the only possible equation form to describe K-l/T interactions

LI Normalizing the data for aqueous hydrogen may help reduce scatter
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Effect of Aqueous H2 Concentration - Prior Work

Dissolved
H2 Level
(scc/kg)

Shunt
Resistor

85 =

80
75
70 -

65
60
55
50
45
40
35
30
25
20
15
10

5

260

Autoclave
0,
CA0

4D 1.8
,w 1.6

__ 1.4
= > 1.2
5 1
- = 0.8

* E 0.6
U 0.4
-. 0.2
C .)

* |X-750 HTH
3600C

-Ni/NiO Measured
. . . . . . . .

280 300 320 340 360 3
Temperature (0C)

* Similar behavior noted
for A600, X-750 AH
(Morton, Attanasio)

15 * Also studied by Scott,
Cassagne, Economy,
Totsuka, Andresen, etc.

80

0 50 100

Hydrogen Concentration (cc/kg)

LOCKHEED MARTIN23

C -Z-:~



Effect of Aqueous H2 Concentration - Prior Work

0-

.ii

0V

0

C)

Nickel
Oxide
0.5 r

Nickel
Metal

03
UM

0.4

0.3

0.2

0.1

.4
1
-u

it

U)

*0.2 1I
a)

0.15 0 >,
M M
s -0

0.1 2. (
3 -E

0.05 0

.0

0
0

Wrought Alloy 600
K=66 & 27 MPa\m
(K=60 & 25 kslin)
3380C

% m
.

4 Ni/NiO Measured
0 -. I

0) 0 50 100 15

Hydrogen Concentration (cc/kg)

Correlations for H2 effects 0.5
on SCCGR have been a 0.4

presented for A600, X-750 . .

AH, X-750 AH (Morton) .Z, 02
0* Use EcP vs. EcPNijNIO as %E

0.1correlating parameter X
* Measure EcP via Pt or 0

YSZ/Fe-Fe3O4 electrode -100

Nickel Oxide

4-

U

Nickel Metal T
.

'3

'a&

LO04

.0.2 II

a)
.0.15 i >,

W M

*0.1 Z. "a
LO E

.0.05 0
Y

.0 0
L)

I- -

-50 0 50 100

EcPNi/Nio-EcP (mV)
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Effect of Aqueous H2 Concentration - Alloy 82

1 E-08
Measured SCC
Growth Rate,
da/dt (m/s)

- Measured Ni/NiO Alloy 82
Phase Transition - - - Heat LM82-2

at 3380C 338 C

1 --- -------1 E-09

3 -- K - 39 MPa-m 1/2 0 --
- (3 data points) ----

CD
oD

Ln
1 E-10

1 E-11

E "49 MPa-m 1 2

g 28 MPa-m1 /2

-- - --f- - - - - - - - - - - -

.

0 10 20 30 40 50 60

Aqueous H2 Level (scc/kg)

* SCCGRs increase as measured Ni/NiO phase transition is approached
* 20 cc/kg H2 specimens are bolt loaded - H2 effect confirmed using active load specimens
* Developing a weld metal correlation so that data can be normalized for H2 effects

LOCKNEED MARTIN25
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Conclusions

LI Ring-loaded specimens can generate efficient, viable SCCGR data
LI Crack shape evolution well-described by the maximum/average ratio
L SCCGR data can be reasonably reported using SCCGRave + RATIO
L LM data are consistent with SCCGRave data from other researchers
LI Three empirical model forms were evaluated - all seem reasonable

C) L Data scatter leads to an appreciable standard deviation in all 3 cases
O LI Aqueous H2 level influences SCCGR - more quantification is desirable
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Appendix - Measured SCCGR Data (Not Normalized)

Measured
SCC Growth
Rate, da/dt

(mis)

1 E-08

1 E-09

1 E-10

Alloy 182 and Alloy 82 SCCGRkve Data
[T(0C) and H2 Level given for each heat]

A

AA A

§-* LM182-1 (328C, 35 cc/kg) U LM182-2a (338C,40 cc/kg)
-A LM182-2b (338C,40 cc/kg)
* LM82-1 (360C, 40 cc/kg) 0 LM82-2 (338C, 20 or 40 cc/kg)
A LM82-3 (316C, 40 cc/kg) A LM82-3 (328C, 35 cc/kg)
A LM82-3 (338C, 40 cc/kg) L LM82-3 (360C, 30 cc/kg)

a)
(0

• 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)

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

* Room temperature YS
for other heats:

* 182-1: 503 MPa
* 82-1: 439 MPa
* 82-2: 465 MPa
* 82-3: 460 MPa

1 E-11

1 E-12
0 10 20 30 40 50 60 70

K (MPa-m 112)
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Appendix - Compare LM Data to Screening Criteria

IJ All data conform to the following:
LI Single condition tests
LI Data based on post-test destructive examination
IO Careful autoclave chemistry control
L No periodic unload-reload

O El ASTM E647 Specimen Size Criteria
LI 4 data points rejected

1 Reject if percent engagement is <50% or if SCC extent < 0.2 mm
LI 14 data points rejected

LI Focus on the data that pass the screening criteria

30 LOCKHEE Nf D MA RTfirN7



Appendix - Material Composition

LM1UZ-1 Bal 15.0 0.03 5.9 0.00 0.7 0.03 0.005 N/A 0.5 I Z.0
LM182-2 68.7 15.1 7.0 0.02 6.0 0.00 0.8 0.03 0.005 0.01 0.5 1.9
LM82-1 73.4 17.5 1.7 0.047 3.14 0.05 0.26 0.04 0.005 N/A 0.17 3.64
LM82-2 73.5 19.0 1.46 0.045 2.80 0.05 0.12 0.04 0.001 0.013 0.30 2.32
LM82-3 71.5 20.6 1.27 0.045 2.81 0.31 0.14 0.04 0.002 0.012 0.35 2.44

0)
co

LOCKHEED MARTIN31



692



Influence of temperature on Primary Water Stress
Corrosion Cracking of Alloy 600 Weld Metals

O TrRMon coi 44-

Yoshito Nishik-awa, Nobuo Totsuka and Koji Arioka

Institute of Nuclear Safety System, Inc.



A

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).

0,

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.



e I I

OMr2
Chemical Compositions and Mechanical

Properties of Weld Metals and Base Metal

Composition C Si Mn P S Ni Cr Fe Cu Nb(w t%/ ) _ _ _ _ _ _ __ _ __ _

82 0.017 0.26 2.54 0.006 0.001 72.9 17.95 3.72 0.01 1.93

132 0.030 0.30 0 0.009 0.002 71.5 15.40 8.50 0.01 1.88

600 0.030 0.27 0.29 0.010 0.001 72.9 16.20 - 0.05 -

(Base Metal)

< 5 < 13.0- 1.05
180.1o •10 00 0.015 590 17.0 10.0 0.50 2.5

0)
co
CA

Mechanical 0.2% YS TS Elongation Contraction
Properties (N/mm 2) (N/rn 2 ) Rate (%) of Area (%)

82 306 625 26.6 20.2

132 291 625 27.3 26.6

600 287 675 43.3 3 31.8



S III.

Solution
> | ~Flowv mater |

i0ls ppm B
, Bac2 2 ppm Li

2.75 ppm H2
Water
Cooler

Reseor water Autoclave Temperature

360 - 330 "C

Strain Rate
| cat Exchanger , 5 x 10-7 /s

as 20 mm gauge length

High Pressure Feeder pump
Low Pressre Feeder pump

Test System and Environment



IImimn

Specimens are sliced
at this positionPath of 82 (TIG)

0o40 Wedngha
Path of 132 (SMAW)

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

Welding conditions
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-T12.5
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1T2.5

co
00
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10
_

I 4 L -20 -4."f"

Specimens Used in the Accelerated SSRT Method



X5l~6
Ar 6t

M,-1

Extend at constant strain rate

Lb weld metal

(0
CD

PWSCC

Evaluation of HAZ

Specimen with hump



D endritic
-41

Temperature : 360 'C
Strain Rate : 5xl0-7 s-'
Time to Failure: 67.4 hr
SCC% : 52.6 %

SEM photo of alloy 82



X4X,

-3 7F

Ductile

D endritic

Temperature 360 0C
Strain Rate : S 1 s
Time to Failure 73.6 hr

CC% *33.0O

SEM photo of alloy 132

-1

C(?)'



'4iEW
Uta

}Ductile

Intergranular
Cracking

Dendritic

0
N.%)

I

Temperature : 360 'C
Strain Rate : 5x10-7s-1
Time to Failure: 64.3 hr

\SCC% :55.9 % -Ii
SEM photo of HAZ welded by alloy 82

czC



} Ductile

Intergranular
Cracking

} DendriticK Temperature : 360 'C
Strain Rate 5x:10-7 s-
Time to Failure: 82.3 hr

\ t ,SCC% :61.8 %

SEM photo of HAZ welded by alloy 132



ffLX L

k Ductile

l Intergranular
Cracking

-.4
0

Temperature : 360 'C
Strain Rate : 5x10-7s-1
Time to Failure: 101.9 hr
SCC% : 60.8 % _

SEM photo of alloy 600 base metal
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Crack Growth Rate (v)
= Plate Thickness x SCC % / Time to failure

Ea,= - R ln(v1 / vo ) / (1/T1 -1/To)
where

Ea
R

01

: Apparent activation energy
: Gas constant = 8.3 145x 10-3 kJ/(mo1FK)

= 1.9862x10-3 kcal/(molPK)
T1 : Absolute temperature
: Rate at temperature To
: Rate at temperature T1

To ,

V 0

vi

Calculation of Apparent Activation Energy
by Arrhenius' Equation



13
360 0 C 350 0C 340 0C 330 0C

1.E-08
I,. I IT 1 - - - - - I - - -- - -- - - - - -- I--

- -Alloy 82
-A-Alloy 132

Alloy 6004 - -- - - - - -
O

-I \
o -A

0)0
1 .E-09

A

l.E-10

1.56E-03 1.58E-03 1.60E-03 1.62E-03

l/T (K')

1.64E-03 1.66E-03 1.68E-03

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

crq
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360 0 C 350 0 C 340 0 C 330 0 C
1.E-08 , l1 I I I

- - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - -

----------------

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - -

- - - - - - - - - - - - - - -

- - - - - - - - - - - - - - -

- - - - - - - - - - - - - - -

--- 0 -----------

-------- I ---------------------
---------------
---------------
---------------

--------------------------------
----------------
----------------

- -4-Alloy 82

- A Alloy 132

Alloy 600

- - -0 -- -

I.E-09

--------------- - ------------- -------------- -- -- - - - -- - -- -- - - - - -- - - -- - -

osce----' '-- __ --,,,------ -'------

1.56E-03 1.58E-03 1.60E-03 1.62E-03 1.64E-03 1.66E-03 1.68E-03

1/T (K-l)

Relationship between Temperature and
Crack Growth Rate of HAZ in SSRT



360 0C 350 0C 340 0C 330 0C1.E-08 l -_--------___ -
- ------------ _ Alloy 82

- Alloy 132

- - - - - - - -- -- -- --- -- --- --- -- -- - -- --- -- --- --- -- --- -- --- -- H A Z (8 2 )
- - - - - - - - - - - - - - -- - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - -- --- H A Z (1 3 2 )

2 -Alloy 600

I 1.E-09 _____

co :: ---- X ----- :::
o - - - - - - - - ' - - - - - - - - - - - -- - -

I.E-1 I i

1.5613-03 1.58E-03 1.60E-03 1.62E-03 1.64E-03 1.6613-03 1.6813-03

I /T (K-l)

Relationship between Weld Metal,
HAZ and Base Metal in SSRT



E)d 2106.
Results

-4

co

Alloy Weld Metal Apparent
or HAZ Activation Energy

82 188 k/mol (45 kcal/mol)
Weld Metal

132 179 k/mol (43 kcal/mol)

82 156 kJ/mol (37 keal/mol)
Heat Affected Zone

132 148 k/mol (35 kcal/mol)

Alloy 600 Base Metal | 167kJ/mol (40 kcal/mol) I



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 is more rarely
than on heat affected zone at lower temperature.



I

Reference-I
360 0 C 350 0C 340 0C 330 OC2I.E-08

41-.

I1.E-09

-4 1
-- % .)

- M

- -------------- II F---__ b - -
- - - - - - - - - - - -- I--
-- - - - - - - I - - - - - - - - I - - - - - - --- - - - - - - - - - - I-*-Alloy 6001 -

- - - -- - - - - - - - -…+--- - -- -- I---- - - -- - - - - - - - -- - - - - - - -k - - - - - - -

---------------------------------- F---------I-------

4 4 
- _ _ _ _ _ _ _ _ _

----------------------------------------------------------------

v.F-i 1 I L ____________ J .j.

1 .56E-03 1.58E-03 1 .60E-03 1 .62E-03

l /T (K-')

1 .64E-03 1 .66E-03 1 .68E-03

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



Reference-2

Evaluation of Scattering

1-4

IQ3

Weld MetalAlloy or HAZ Devlatlons* 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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Outline (1) OFRI
171. I 1, "IF, , � 1.

-..I
.41.

* 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

.. . ! . ...... .. ... e , ,, ,, W , M ~~1 , " ,Zies iXM,,4=_iTIEX

t Fracture Research Institute
, Tohoku
University 2



Outline (2) A FRI
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* Prediction of Crack Growth Behavior in

-4

Weld Residual Stress Field
-Core Shroud Cracking
-VHP behavior

* Disposition of Flaws

* Conclusions

* Acknowledgements

, m11 - - -1. - 1-1-1111-11, 11-1-1- 11 . - ... I.- - - 11 -II.-, -11. - 11.11,11, -� I � - - , i� I -1 ;- I -1--

0 Fracture Research Institute
,Tohoku
University 3



Introduction (1)
I I'FRI

- 1---1---. x- I

* More concerns on PWSCC of alloy 600 and weld
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.

-4

I 11 ... - .1-1- --- --------- -- ...- M I I 11 � I I a

tFracture Research Institute
,Tohoku
University 4



Introduction (2) EFRI
i' I

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

OTherefore, 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

a_ .!1 v 11 ll! l-l.!.... ...... . 1! ............. 7j,:N6 ''.t-3'4,.'' Lr.\' - __= _

0D Fracture Research Institute
, Tohoku
University 5



Literature Survey( 1)
-Existing CGR Data-Laboratories & Plants O FR-I_,*~ I A

, W . a- - 1111� I., 11- - I --- " " � .- '� . , , � � � , - -- " � ,1� OK. - - - , � , - X� � z� - - �- 11 -N,___ �__ � - - - - - � - " �' " ' - �'I ; k � �' � , - , , " "I I - - I I � � � , �� , � �11 �

I E-8

IE-9

I I
0

0

-4

co

(0I

EIE-1 I

ALI*

00
0 [

DA o*

on 0

IJ u

U

I

8

A 0

0

ETH-data, Magdownki et al,
Bth degradation

O VHB400290C
o VHB400320C
A VHB400350C

VWF675290C
VWF675320C
VWF675350C

o V675p5C290
O V675p5C320
A V675p5C350
n V675p10C320
O V675p20C290
o V675p19C320
* V675p19C350
O V675p24C290

Moshier et al,Corrosion,2000,Bolt load
o VM827ST288
o VM827ST316
A VM827ST338
* VM827LT316

T Cassange at al, 9th Degradation,p21M
* VWH220av31O
* VWH220mx310
* VWH220av330
* VWH220mx330

M Speidel et al, Corrosion/2000
a VSp6001290

FRI data
* VFRISA325
* VFRITT325

Foster J P et al, 1 nth Degradation
* VFoster327C
* VFoster326C

Foster J Petal, 11th Degradation
* (daldt)_

A(daldt)_

EDF plant, Amrzallag et al, 9th Degradation
* EDF cold dome
* EDF hodtdome

Cook2 CGRdepth

in

CGRs of Alloy 600
PWR

UU

0of : _ :r- ;.*
0 [! ~ 0 0

.

environments
* Lab. data:
-thick plate material
-fracture mechanics
specimen

* Plant data:
EDF & Cook 2

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

1E-11

1E-12

.

WE

. [.
. . .

0 20 40 60
K(MPa.m0 5)

100

T
,Toho ku

C Fracture Research Institute University 6



Literature Survey(2)
-Significant Parameters for CGR

* Material Chemistry 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
- 80kJ/mol for component failure time(including initiation)

13 OkJ/mol for crack growth rate

* DH effects
-da/dt(max) near the Ni/NiO equilibrium potential line

0 Tohoku
<3Fracture Research Institute University 7



Literature Survey(3) FRI
-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 dKl/dt effects
-Loading mode effect
-dK/dt effect for weldments with residual stress/strain

etc.,

0 Tohoyu
Fracture Research Institute University 8



FRI Generalized CGR formulation (5)
-CTSR formulation - Gao & Hwang's equation OE FRI

G a - ...... and.wn'eiitio n - - . of work ha rdening e-xpo .nent -' ,, n, , : < ', i

* Gao and Hwang's definition of work hardening exponent, n,

(E )+c (Ufay)

for a<ay

for C>0y

-4 * Gao & Huang's equation for the crack tip strain of
a growing crack :for constant K and da/dt.

Ect = -)] n-

E r
Ect = /(-

n
}n-

]

Derived under the condition of plain strain and small scale yield

--- t� I- I - - � I I- - - - - --- .- I . . 11 - I - 1. 1-1-11 -1-�ll,�,,�'ll""I�--l'-",---I 1-11,1111, 11-111.11- -- .11 1 1-4- -Iq 11 " ; 1- .

(DFracture Research Institute
,Tohoku
University 9



FRI Generalized CGR formulation (6)
-CTSR formulation - Validity Confirmed by 3D-FEM O FRI

111-,

C

0)

.6.

0*
w

0.04-
===1T-CT specimen === Aa=0.01Omm

Gao's equation(0=5.46, Ry=0.06)
\ FEM results K= 8.9MPam05

0.03 \ FEM results K=17.8MPam05

- FEM results K=26.7MPam05

\ FEM results K=35.6MPam 5

0.02v

0.01

0.00 , . . ooooo.

Equivalent plastic strain
distribution at crack tip under
constant load conditions, n
(Gao's definition) is 10.

-4
rQ3

1 E-3 0.01 0.1 1

Distance from Crack Tip, r[mm]

10

* 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.

=- 1p .... - . - I

0 Fracture Research Institute
,Tohoku
University 10



FRI Generalized CGR formulation (9)
-Shoji's model based on Slip/Oxidation mechanism F I

* FRI theoretical CGR formulation, based on the crack
tip reaction kinetics and the theoretical CTSR
formulation (K) 2 in- m

da M-i t n K) a]
dt z.p*F*(I-m) Ef E n-i K r r

* 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, electrochemicalproperties and crack tip mechanics in
terms of K and dK/dt

Tohoku
0 Fracture Research Institute University



FRI Generalized CGR Formulation (10) FRI
-CGR equation

A generalized CGR formulation can be obtained by
combining the general oxidation mechanism and the
theoretical CTSR equation,

I 1
n-1

-4
da

dt
= Wa *

( 0

E n-1 K r

(K ) 2

In[A - I I
r

where ;a is a crack
of local material
transient interfacial

tip oxidation rate constant, which is
chemistry, local environmental

rate kinetic law, and the stress/strain

a function
chemistry,
state.

- . 1 11 -. ---- 1- - ,-- " __. -1-11 11-1- .. - .. . !- . I I",.. I _ . .. . . ..ali t I I i! 1, ':s ,a

09 Fracture Research Institute
, Tohoku
University 12



FRI Generalized CGR Formulation (12) Fr
-Possible Accelerated CGR testing based on mechanism (1) YS& ;a effect I - A

0

0)

C.,

1

n4

IC
a

Sensitivity analysis of YS effect at different Ka levels (m= constant)
* At each YS level, CGR increases with increasing of Ka value
* A non-linear relationship between CGR and K a
* CGR increases with YS

I I 1, " 11 ~ 11

0 Fracture Research Institute
,Tohoku
University 13



FRI Generalized CGR Formulation (13)
-Possible Accelerated CGR testing based on mechanism (2) YS & m effect

O CGR(YS=600MPa)
o CGR(YS=45OMPa)

I E-6 A. CGR(YS=23OMPa)
* CGR(YS=600MPa)/CGR(YS=23OMPa)

A CGR(YS=45OMPa)/CGR(YS=23OMPa) Sensitivity analysis of the effect
I E-81000 of YS on CGR for different

A A values of m (Ka =constant)
0

1E-12 i. CGR ratio=
10 CGR(YS)/CGR(23OMPa)

m)<> 1E-14 d9

, * | A r ,

1E-16 1
0.4 0.5 0.6 0.7 0.8 0.9

m

* 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 recovery) process

,Tohoku
0 Fracture Research Institute University 14



FRI Generalized CGR Formulation (14)
- Possible Accelerated CGR testing (3)YS & K; & m effect IFRI

,~ll~ " ' - n l- '-'~, ~ ,, ~ , ~ '.,, ~ . - - - 1- - 11 1 -1 - -- - ~ .. . - - , = ~ 1 1-1 -11 11 - - 11 I - - ~ - ~ I 11p

E

10

V.)

20

15

0

10 i

0N,
41

5

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

O~k

C Fracture Research Institute
, Tohoku
University 15
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FRI Generalized CGR Formulation (1 6) 0 FRI
- Possible Accelerated CGR testing based on mechanism (5) K&dK/dt effect

. . . . . I I
-U--- constant K

U} dK/dt= -3.72MPamo 5/year
-0-- dK/dt= -7.44MPamr 5/year
-0-- dK/dt= -37.2MPamro 5/year
-v-- dK/dt= 37.2MPamo5 /year

E
E

0
U.
'a
.1.

C.)

n=9
m=0.5
YS=200MPa
Different dK/dt

1E-8- I

r..3

4 n nI .f-,,--q- -
_ _

lo 160
K(MPa.m )

* Significant effect of dK/dt on CGR

* Negative dKldt results in lower CGR and higher threshold

I CGR testing at higher dK/dt accelerates CUR-specimen design
.

...

l.- 1- 1- - -" " -""1 I - - -11- - ~ - - - I - I - -- ' - - - - - - - -- --- ~ ~ - - - I I ' 1-1 I - , " " . ~ 'll ~ 111 ~ ~ ;

C Fracture Research Institute
,Tohoku
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Numerical Analysis of experimental CGR(1)
-K dependence - Moderate K effect O FR

I . I -1 I - , -, - - , , - - _ I , I - I ~ -1 - - I -- 11I II I I I - I I ~ j ~ ~ x II

I E-8 -

-0 1E-9.-

E

1 E-10-,
0

Il4

Cs

Alloy 600, heat 69
Material of low YS,
YS=274MPa
n=3

Parameter used in
the model:
m=0.771E-11

80

K(MPa.m0 5)

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

0 Fracture Research Institute
, Tohoku
University 17
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Numerical Analysis of experimental CGR(4)
-YS effect (1) O FRI

I I

I

E

U

Parameters used
in the model:
m=0.70 and n=6(J40

0 200 400 600 800 1000

YS(MPa)

The effect of YS on CGR can be predicted by FRI generalized model
Sk ' Ia- � �.,- -1--. �� �'.. - *�*, - , I �v --- I -. 1 �, - -l-1- - 1-11---, X,- V.- ., -1- - II - -, , � I - - I 1 2 �,- 1- �- I � � 1, - �� , I -

0 Fracture Research Institute
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Numerical Analysis of experimental CGR(5)
-YS effect (2) YS & T effect F R v I

~ g ~ ~:~

IE-8

IE-9

0-

IE-10
E
0
C.)

IE-11

1E-12

Fitting parameters
in the model:
m=0.70 and n=6

--4

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 KKa

N- vpm~ p

( Fracture Research Institute
, Tohoku

University 19
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Numerical Analysis of experimental CGR(7)
-dK/dt effect

- 1 ''~~ ~~ ~~~~~I , I... ------ - . ... -1 . 1 , -- . - l-. - I, ,1 ., -. I 'l -... 11 ' l! !!! ~ 17~.. A

O FRI
= Y _-

IIE-9

-4
co,

Is-

C.a

'IIE-10

S I S *

A

A A
08

0

AA

A A

0
MoW *tIert.Cworrol 2DV0, 308C, LT retio

O LT33801orv 0 LT339r1O~rm. A M"Mo~,
* RlOmlOO, A RiOnftotI

4 _3 6

20(

I

%.O0

1o0

an be explained by the

a. _- 6 F- I . I . - I .-

0 200 400 600 800

YSIMPa.m,

* CGR(bolt)<CGR(active load) in this data set,
sensitivity analysis of dK/dt effect by FRI mode

II

.. . ... .

I z "' - ,. ~ , , - 3
.

03 Fracture Research Institute

., . P. .. . , .. . _ _
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Prediction of CGR in Weld Residual Stress Field(l)

-Core Shroud Cracking(l)Residual Stress distribution IFRI-� _- --------- - _ __ I I -1- .."11- -_ . 777M,� � 2.

to
no0

1c13

Ca

4)

200

0

.100

-no

-SW

('4

.400
0 A @ . s

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

Tohoku
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Prediction of CGR in Weld Residual Stress Field(2)
-Core Shroud Cracking(2) K distribution t FRI

I 7 V�, , , ."- __ - - � - I--.,- - - � _.", . , I... I I I I - _- , ........... ._-.-.,1_-'_,;,_ -1-1-11 ... .... ... 1 , , . "'; - � 11'�', I T �,� '-�, � j��,; I , I

Vr)

Ics

0

Qa)

V6

'-4

4g-
.V

Go

MD

so

60

40

30

20

t0

,r -a I

I I
.t ..

= .= ._ _ -.,, , .. .0

0 10 20 30 40 s0 s0 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
throuh-thickness direction of the weidment.

a

, Tohoku
U
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Prediction of CGR in Weld Residual Stress Field(4)
-Core Shroud Cracking (4) Crack depth prediction

OFRI11L
-1 I . 11- __ - , - -- --- -- -- -5 - - �i - - I _. I I- -- ", 77 77r : ,A.�

O-%

' HE

'S04
V

c)

01 C)

0 5 10 15 20 25 30

time(year)

Relationship 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

I-I I -, _ .- --- -1 .r-~~ - 1 -- _ ----- - ... - -_ - . II - -r 1I 1 I.,I '-~11I-;~
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Prediction of CGR in Weld Residual Stress Field (6)
-Details of a PWR VHP & an Inside-reactor Instrument tube FFRI

-----I .I-

CRDM heeiwg

In-ided -rin-t -tmeeitien tube

Inconel Cddding

Series 600 weld metda
teinle.. teel dadding

inoonel oledding

Scree 600 weld mAe.l

Incone eleding

Innonel welding,

-4
CD) VHP, 6001590 llo'y

Inonnel edding, Type 60/690
weld motel

Steinlos.

steel welding

Structure of the VHP o wructure ox te insidw-reaoroinstrumentauon tube

Illustration of a PWR VHP(left) and an inside-reactor instrument tube(right)
,L ~ - - ,

_ _... -- 1111 - _ _ _ " ~ ", - " 9K , L1
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Prediction of CGR in Weld Residual Stress Field (7)
-PWR VHP(3) Crack growth behavior of PWR VHPs IFRI

p

LN

1I.
I

E
C,
C.

I-.-aI
I-.-'
I-.'
I-.'[Ii

-S

stress

-4

-4
tubeWA

Weld Residual
analysis of a PWR VHP
(EDF data)

K(MPa 05)

CGR prediction of Plant CGRs(from EDF & MRP) due to variations of YS may
partly explain the scattered CGR data in the CGR-K diagram

0 Fracture Research Institute
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Disposition of flaws (6)
- PWR environments (5) FRI generalized CGR model I rFISJ

-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
co 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

Tohoku
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Disposition of flaws (7)
- PWR environments (6) FRI generalized CGR model OFRI

!==W_

-4

UD

-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.

'W� 77" .R, .I
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FRI Generalized CGR
Formulation O FRI
A generalized CGR formulation can be obtained by
combining the general oxidation mechanism and the
theoretical CTSR equation,

-4

da =

dt a

S 0

E nI K a

I
n-I

where ; 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.

'?--

- 11- ... - 11 - --- ---- --- 11-1 - .... .... 11-1-111-11-- 77777= ,- 1 1 9
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Conclusions (1) O FRI-- -- - - l-1111 -1- - -- ...... ... .... I- - 11 I- - I,--,' 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 KJ}m/n- in principle where
m is oxidation kinetic parameter and n strain hardening
coefficient.

�'W-
� I A., .

* 0 Fracture Research Institute
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Conclusions (2)
._ I I- I I .11 PiP . n

IFRI
me.

--4

*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.

M 7-� , I
I - I - � -1. I------ -111. -- � 11 11 1. - 1- 1- .1- - I I '- I - % , 11 11 11-

I
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Conclusions (3) OFRI

*The effect of dK/dt on CGR can be critical in
lifetime prediction of NPP welded components
such as VHPs and BMIs 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
mav take into account of these effects on CGR

, Tohoku
Fracture Research Institute University 3 1
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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

Cn

M. M. Hall, Jr., W. C. Moshier and D. J. Paraventi
Conference on Vessel Head Penetration

Inspection, Cracking, Repairs

Sponsored by the US NRC and ANL
September 29 - October 2, 2003

Gaithersburg, MD, USA

B-T-3449-P BETTIS ATOMIC POWER LABORATORY
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OUTLINE

* SCC Variables
* HAF Model Concepts and Equation Development

--4

^ o* Experimental
* SCC Data
o Comparisons to Model

BETTIS A TOMIC POWER LABORA TOR i
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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
• [HI] = 1 o-PH

* hydrogen over potential Tl = E - Er where Er is the reversible H2
/ HW potential determined by coolant-borne hydrogen, DH2

* temperature
* other ionic species

* Stress Intensity Factor

* Variables in red are currently included in HAF Model

BETTIS A TOMIC POWER LABORA TOR
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Hydrogen Assisted Fracture (HAF) Model*
- Concepts -

_ R I C H CH
rM+o _* rc£ct rCgb 't12

6 /TsL Fracture a
H Zn Ef Efo c C j

Radius rc

CDC

* 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 LABORATORYM
C.1iA, AOlIUV; IT



HAF Model Equations

HER/HAI
Const

\
Coolant
Borne H
Fugacity \

Alloy
Composition

and Structure Strain Hardening
F(ay, w/o C) ~* ,/-

R Rate 1 2N AH

ant rc Ect _ rco0cgb 2( K-Kth )N+1RT

\ Potential,1 Ef Efo CO ) K C- Kth HH

Activation Enthalpy
for dislocation glide

F(C, orientation)

eat of
Stress Effect

-41
Co

Sieve
Lav

Const

VIt \I M \ bl H.

;w~ \ ^,lotential F(9~~

tant C- S \+ + ] 2 c ( (EEr 2 exp A Hs +'-s-- C 0 fDH2 + c[H expRT exp]

Corrosion
Generated 4DH
Hydrogen For T > 2500C fDH2 << fcOrH» ->> a => erfc

2 p a ic
'(co

rca =
gb Trapping

Energy H Diffusivity

-

2N AH
AH- - t N+1IRT

a, =rco oye RT (KKth
Efo Kic-Kth

2cor

I A A 2N AH

^* Qmech

RT N+1RT

BETTIS A TOMIC POWER LABORA TOR
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Modeling Dynamic Strain Aging Effects* on Alloy
600 Crack Growth Rate

Mobile I x o
Interaction -

Energy

AH

6i = oe RT

Drag-free
Activation

Energy

-40 Activation Enthalpy AH'

2N AH * --

( K-Kth N+1 RT

KIc-Kth)

io i - exp[ -L'0 I if]
I Temperature @
ctor Which Dislocation
for Wait Time = Solute
IPa Diffusion Time
lo TO. U(n)/R/

°In(1/C)

Transition Temperature, T.

Activation Enthalpy
for dislocation glide

F(C, orientation)

1 TO

.5
S0

V

Interactior
Strength Fa(
F(ay, C)= 1
oy =826M

and 0.063 w)

400

350

300

250

o 200

ISO
150

100

s0

0
o 0.02 0.04 0.06 0.08 0.1

Carbon Concentration, wlo
0.05 0.1

Carbon Concentration, wlo

*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 A LAi
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01l

Linearized HAF Model Equations
Better Suited for Data Analysis

In AO - Al TO - A2 TO In KR + A2 In KR; - >orientatio n
T T

Ao=InaO A1 =- A2 = 2N KRA= K- Kth
RTo N+1 RT0  KIC- Kth

BETTIS A TOMIC POWER LABORA TORY

Slide 7



Experimental
Bettis Data

* Alloy 600 plate given HTA - 1 1 O00 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 A TOMIC POWER LABORA TORY
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SCC Test Conditions

Predominate Oxidation States -
Thermodynamics Calculations

1000

Cin

X 100

fF
a 10 E

1
250 270 290 310 330 350

Temperature, C

* SCC tests conducted at 2520 C to 3600 C at or on the
Ni side of the Ni - NiO phase field boundary

9BETTIS A OMIC POWER LABORA TORY r i
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Crack Growth Orientations for Plate and Bar

ST / SL / RL Similar
Orientations-4

01 LT/TL/CL
Orientations

b) bar

ST / LT orientation CGR data - single heat of Alloy 600

RL / CL orientation CGR data - different heats of Alloy 600
BETTIS ATOMIC POWER LABORATORY
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Stress Intensity Factor Exponent m
Depends on Temperature and RT Yield Stress

Tlntn T.ip tn Mnchipr nnd Pnrnuanti

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

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

Temperature Dependence
of SIF Exponent

ST Data, 0.063 w/o C

0:)

M

.C,
0

0

E

C
0

w
U,

4-_

3.5 -41

3 -

2.5 -

2

1.5

0.5 -

0- _
520

F*826MPa]

-4
01
L"

1.E-12 I-4
0.0

5 5 5 8 0 . 6 6 2 . 6
540 560 580 600 620 6400.2 0.4 0.6 0.8 1.0 0.01 0.1 1

Normalized Effective SIF, KR Normalized Effective SIF, KR Temperature, K

KR- K-Kth
cK -Kth

aIn a
InKR Trj

2N AHO (
_ 1

N+1 RT TO)

ST orientation m value decreases with increasing temperature

BETTIS ATOMIC POWER LABORATORY
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LT Crack Growth Orientation Unlike ST
Data Due to Moshier and
HAF Model Fit to HTA-LT Data

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

0.063 w/o C, Sy = 826 MPa
Temperature Dependerice

of SIF Exponent
LT Data, 0.063 w/o C

CU

CD

C.

a)

CU

w

wCu

C.)

E
C
0
C
0
0.xw
U-
Co

4-

3.5 -

3 -

2.5 -

2-

1.5 -

|* 826 MPa

-4I
01
0)

1-

0.5 -

0 _-
5200 0.2 0.4 0.6 0.8

Normalized Effective SIF, KR

1 0.01 0.1
Normalized Effective SIF, KR

1
540 560 580 600 620

Temperature, K

640

KR _ K - Kth
Kc -Kth

am n - 2N AHO Tm= _ 2 -1 .
aInKR Tn N+1 RT To

T > To

LT orientation m increases with increasing temperature
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RL Crack Growth Orientation Similar to ST
nfn At~ HlP tn% QenairiAl Onrl MnrA!eAfXiW~

.1 ... . I5-I

HAF Model Fit to RL Data
0.10w/oC

HAF Model Fit to RL Data
0.10w/oC

Temperature and RT Yield Stress
Dependence of SIF Exponent

RL Data, 0.1 Ow/o C1.E-07

% 1.E-08

0

-' 1.E-09

0

1.E-10

A

CU0
I.-0

0

3.5 -

E
C
G1)
C

ILU-

3 -

2.5 -

2 -

1.5 -

1 -

.[474 MPa

983 MPa

* 1056 MPa-41
Cl'
-4

0.5 -

0-
5500 0.2 0.4 0.6

Normalized Effective SF, KR

0.1 I 570 590 610 63(

Temperature, KNormalized Effective SIF, KR

K - Kth
KRKC -Kth

DlnaiIn =
a In KR T,,,

2N AH 0

N+1 RT
TO T < To

RL orientation m decreases with increasing temperature
and RT yield stress (pre-strain or CW)
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CL Crack Growth Orientation Similar to LT

-4(C1
OD

CL Orientation CGR Data
0.058 wlo C

1.E-08

0 *290 C
0O0 0 I290 C

0 = 350
o 350 CM1.E-09 .0 o

I=.1

CD)
1.E-i10C

Closed =468 MPa
Open -860 MPa

I.E-11
10 SIF, Mpafi- 100

CL orientation m increases with increasing temperature
and RT yield stress (pre-strain or C\N)
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ST Orientation Apparent Activation Energy Q is
Decreasing Function of Stress Intensity Factor

Data Due to Mnshier and Paraventi

Temperature Dependence of Crack
Growth Rate

ST Orientation, 0.063 w/o C
1.E-08 . * 6-8 N~bSr-m

*m 19-23 M~Sr-m

X \ W . 35-38 M~aSr-m
E 1.E-09 a 45-50 MPaSr-m

- 1.E-11

O Sy = 826 NM

1.E-12 - . . I I . . . . .
0.0015 0.0017 0.0019 0.0021

Inverse Temperature, 1/K

Apparent Activation Energy, Q
ST Orientation, 0.063 w/o C

350000

3000001 Sy 826 MN

E 250000\

a 200000

150000 -

0.100000

50000

0
0.01 0.1 1

Normalized Effective SIF, KR

-4
Cn
co

Q =AH_ 2N AH-In KthI=-R(1/,T)K 1 N+1 I Kc - Kth)

Apparent activation energy Q decreases with increasing Applied
Stress Intensity Factor, K

&A,
BETTIS A TOMIC POWER LABORA TORY
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RL Orientation Apparent Activation Energy Q is
Decreasing Function of RT Yield Stress

Data due to Soeidel and Maadowski
Temperature Dependence

of Crack Growth Rate
RL Orientation, 0.100 w/o C

Apparent Activatioin Energy, Q
RL Orientation, 0.100 wlo C

Strain Hardening

0.8

1. E-06

U 1.E-07

M 1. E-08

0

1. E-09

o I.E-10

d

2)
4)C

.SC0
iu

CL
4)

350 -

300 -

250.

i 200-

150*

100.

50.

0

K = 30 MPaSr-m

z
CD.S

C
_

CO

U,

-4
0)
C0

. . . . .1.E-1.1 I I
0.0014 0.0015 0.0016 0.0017 0.001k

Inverse Temperature, 1/T

0 0.2 0.4

2N/(N+1)
4 - [RT Yield Stress]

0.6
0 200 400 600 800 1000 120C

RT Yield Stress, MPa
l

Q(I-I-R aln ) -AH- 2N AH -In KKth
N+1 1Kc-Kth)

N=In 1 2
t1-(Ty / us)

Apparent activation energy Q decreases with increasing RT
yield stress (decreasing strain hardening)
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LT Orientation Apparent Activation Energy Q Also is
Decreasing Function of RT Yield Stress
Temperature Dependence

of Crack Growth Rate
LT Orientation, 0.063 w/o C

1. E-09

K 38.5 MPaSr-m

I.tE-10

21 -1 187 M Pa

T A*517 MPa
Oo 634 MPa\

o 772 MPa
1. E-12

0.0016 0.0017 0.0018

Inverse Temperature, 1/K

Stress Dependence of the
Apparent Activation Energy, Q

ST/LT Orientations
400 -

K 38.5 MPaSr-m
2~ 350-

LW 300 -
C

co 250 -

7 ~ ~ * ST (0. 1 00 C)d 200 /L LT (0.063 C)

9D 150 - . . .5co s

0.00 0.20 0.40 0.60 0.80

2N/(N+1)

-.4
C)

Q--R InaI
a (1 /T) KR 7

= 5 2N -( Kh= AH- - AH 0 In1  -t
N+1 LKc -Kth)

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

BETTIS A TOMIC POWER LABORA TORY
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Reality Checks

Activation Enthalpy AH0

400

350

300 -

o 250 -
E *

= 200 * SCC Test, Bandy
0
I/ and van Rooyen
< 150 A SCC Test, Speide

and Magdowski
100 / A Mechanical Test,

Symons
_ HAF Model Fit to

50 BAPL Data

0
0 0.02 0.04 0.06 0.08 0.1

Carbon Concentration, wlo

-'I

* Model fitting parameters must fall within physical bounds

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

BETTIS A TOMIC POWER LABORA TORY
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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 r
Slide 19



Barney

QUESTIONS?

I I

l-4
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Orientation Dependence of CGR Established by
Transition Temperature To

-4
0)
0i

HAF Model Predictions for SIF
Sensitivity m

ST - LT Orientations

10 -

9 oST
E 8 * LT

-4- 7 - + NoDSA

C 6 - + +0 +

Tm r 4 K
0) -

U) 2 T0
1

0
350 450 550 650 750 850

Temperature, K

2N AH 0(C)+U(ii)_ 2N AH 0 F1 ex[T- InT
N+1 RT N+1 RT yyTO)) l

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

DH2 establishes Erev (H2/ H )

Large DH2 results in no Ni
corrosion and no H2(cor)

Anode: Ni+H20=NiO+2H++2e-

Cathode: H+ + e = H°; 2H0 < H2(cor)

fH2(cor) = 1C[H ] 2 exp (- RT F iC

Partial Anodic and Cathodic Currents
3300C, 1 cc/kg DH2, pH = 6.2

Partial Anodic and Cathodic Currents
3300C, 260 cc/kg DH2, pH = 6.2

-4
0,
C,

N

0

C

0
00

N

E

.0

1

4i
C

0

0
.0

0

5

4

3

2

1

0
40C

-2 -

-3 -

(a

Erev(Ni/NiO) ' i

l. r p.

'I

85 -0,80 75 -0.70

I I

v Erev(H2 / H )

-0.65 -0.60 -0 5E

-4-

-5

Potential, V (SHE) Potential, V (SHE)
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INTRODUCTION
A MITSUBISHI

HEAVY INDUSTRIES, LTD.
TAKASAGO R&D CENTER

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

Sec.XI
except

.40

In order to complete data base for the maintenance
guide rule for allowable SCC flaw size, the Japanese
national project on SCCGR measurement test
program on the Alloy 600 and its weld metals of Ni
based alloys for PW s and BWRs has been started
from April 2000.

Before starting this project, MHI has checked the
propriet and applicability of periodic unloading
method or PWSCC GR measurement test.

4



) MITSUBISHI
HEAVY IWDUSTRIES, LTD.INTRODUCTION (Contd.) A&TKAAGOR&CTER

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.

5



INTRODUCTION (Contd.)
A MITSUBISHI

HEAVY INDUSTRIES LTD.
_ TAKASAGO R&D CENTER

Japanese Status on Welding Materials for RV Nozzles
Table Difference of Welding Materials between

lTaan. & Western Countries

-.4
-4

%IV U _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

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-lMn-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 6



INTRODUCTION (Contd.)
MITSUBISHI
HEAVY INDUSTRIES, LTD.
TAKASAGO R&D CENTER

The effect of Cr content on PWSCC susceptibility of
Alloy 600. 5,ooo 1 ^ I

* The PWSCC susceptibility of
Alloy 600 decreases with
increasing of Cr content.

I1,000

F 5"0

c!-4
-4

* Alloy 132, 182; 15Cr
82 ; 20Cr

100

50

0 5 10 15

Cr Content, %

* The stress corrosion cracking
resistance of Alloy 82 may be
higher than that of Alloy 132
and 182.

Fig 6. Effect of Cr content on the stress
corrosion cracking resistance of
solution annealed Ni base-Cr-Fe
alloys in 360tC high temperature
water using by constant load
stress corrosion cracking test
(applied stress is 2.4 x 0.2% Proof
stress)

7



INTRODUCTION (Contd.)
A MITSUBISHI

HEAVY INDUSTRIES, LTD.
_ TAKASAGO R&D CENTER

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

-4
-41

* Nb and Ti addition increase
PWSCC susceptibility of Alloy609,
due to suppressing of IG carbides
precipitation.

* Alloy 132 ; 2.5Nb
182; 1.8Nb-0.5Ti
82; 2.5Nb-0.5Ti

Alloy Annealing Exposure Time (h)
Alloy Temp. C) 1,000 5,000, , ,10,000

Nb Add. 950
Alloy 600

LT.Ann. 9_ __ __0_ _

1Alloy 6001

=-- No Crack - Crack

Fig7. Effect of Nb addition on the sress
corrosion cracking resistance of
annealed Alloy 600 in 360tC high
temperature water, using by
prestrained U bent specimen.

* The susceptibility of Alloy 132
may be same as that of Alloy
182. 8



) MITSUBISHI
HEAVY INDUSTRIES, LTD.INTRODUCTION (Contd.) AkTKAAGO MD cENTER

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)
C9 as the SMAW and consideration of resistance of

hot cracking.

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

9



OBJECTIVES
A MITSUBISHI

HEAVY INDUSTRIES, LTD.
_t _TAKASAGO R&D CENTER

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

-41
4I

C)

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

10
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A MITSUBISHI
HEAVY INDUJSTRIES, LTD.

J& TAKASAGO R&D CENTEREXPERIMENTAL PROCEDURES

Alloy 82

-co
4.

Thickness: 70mm

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



EXPERIMENTAL PROCEDURES
A MITSUBISHI

HEAVY INDUSTRIES, LTD.
_t TAKASAGO R&D CENTER

-4
-4

co

40

50
Unit: mm

Figure Machining orientation of CT specimens from
deposited metal model of TIG welding by Alloy 82 13



EXPERIMENTAL PROCEDURES
AMITSUBISHI

HEAVY INDUSTRIES, LTD.
TAKASAGO R&D CENTER

Test Specimens
1/2T CT
Specimen Orientation
TS, LS, LT
The pre-crack length

about 1mm

-4

K, values
20, 35, 60 MPa / m

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



EXPERIMENTAL PROCEDURES
A METSUBUSHE

raxHEAVY INDUSTRIES. LTD.
_ TAKASAGO R&D CENTER

Testing Environment

Temperature
H3BO3
LiOH
DH2
DO2
Autoclave

; 3250C
; 1800 ppm
; 3.5 ppm
; 30cc/kg
; <5ppb
; refreshed

as Boron
as Lithium
STP H20

type

15



EXPERIMENTAL PROCEDURES A MITSUBISHI
HEAVY INDUSTRIES, LTD.

A~TAKASAGO R&D CENTER

The periodic unloading conditions for Alloys 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)

1* (4) Constant loading

P

Time

Trapezoidal Wave formFigure 16



EXPERIMENTAL PROCEDURES A MITSUBISHI
HEAVY INDUSTRIES, LTD.

_ _ TAKASAGO R&D CENTER

I PDM signal I IMeasuring of SCC Length CGR data

CGR data aMeasuring average Crack
length Ava

-4
C,,

PDM
signal
apdm

.Lap

..1 ........... .. Aa
a

ao

Correction i\ a
Factor A apen

Aa.. (

Test dimn (t)
Average Crack length A a =W( ) Test tm (t)

Figure CGR evaluation method
17
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RESULTS (Effect of K value) AMITSUBISHI
HEAVY INDUSTRIES, LTD.TAKASAGO R&D CENTER

10

I

A.,
W=w
pw

1.4
1ww
M
�4

U

9.5

9

CConstant
Load

iI _

Periodic
Unloading

R=0.7
Holding Time: 9000sec.

I

da/dt<5.6E-1
..

Alloy 132,

K1 values
:20 MPaam,

TS orientation
wwUS

.2(m/s)8.5

7I8
. . . . . .I - t- -

I ) 10 2 00 300 400 500 600 700 800 9UU 1000 I1UU

Testing Time (hrs)

Figure CGR on-line monitoring results 19



RESULTS (Effect of K value) AMITSUBISHI
HEAVY INDUSTRIES, LTD.
TAKASAGO R&D CENTER

10

i 9.5

4

hi 8.5-4 8

Alloy 132,

K, values
:35MPalm,

TS orientation

Testing Time (hrs)

Figure CGR on-line monitoring results 20



RESULTS (Fractography) AMITSUBISHI
HEAVY INDUSTRIES. LTD.
TAKASAGO R&D CENTER

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.

-.4
0,
-4

I
dendrite
direction

pre-
crackEDM Slit Inter-dentrite

Figure Fractography of TS specimen after SCC test 21



RESULTS (Fractography) A MITSUBISHI
HEAVY INDUSTRIES, LTD.

_ _ TAKASAGO R&D CENTER

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.

-c4
0,
CD

dendrite
direction

pre-
crack

EDM Slit
Inter-dentrite

Figure Fractography of LT specimen after SCC test 22



RESULTS (CGR of Alloys 132,82 and 182) )'~MITSUBISHI
HEAVY NDUSTRIESP LTD.
TAKASAGO R&D CENTER

Holding time
9000secI.E-08

PWSCC CGRs

1) Alloy 132

Ž Alloy 82
co ir

cu

cooa
00

gm

c;

I.E-09

w' 1.E-10

L.E-li

2) LS, TS

> LT
3) LS nearly

1.E-12

0 10 20 30 40 50 60
K(MPaml/2)

70 80 90 100 equal to TS

Figure Comparison between CGR of
Alloys 132, 82 and 182 weld metal 23



RESULTS (CGR of Alloys 132,82 and 182) A MITSUBISHI
HEAVY INDUSTRIES, LTD.

_t _TAKASAGO R&D CENTER

I.E08

e5

(0so -*

r-

crD

.;

CA.

Q
Cu1

U

I.E-09

L.E-10

LE-l1

L.E-12

182 weld(325°C)
W.Banford

Alloy 600 (3250C)
P.Scott

PWSCC GRs

Alloy 182

. Alloyl32

0 10 20 30 40 5m0 1I0 70 80 90 100 > Alloy600

Figure Comparison between CGR of
Alloys 132, 82 and 182 weld metal 24
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DISCUSSIONS
MITSUBISHI
HEAVY INDUSTRIES, LTD.

_ - TAKASAGO R&D CENTER

1. Maintaining of the straight crack front
The straight crack front was not SCC a Straight

gained for the specimens of the ck fr
Alloy 132 under constant loading
in spite of periodic unloading.

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.

ont

-4
co

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



DISCUSSIONS
A MITSUBISHI

HEAVY INDUSTRIES. LTD.
MtTAKASAGO R&D CENTER

2. The effect of holding time on acceleration of the SCC GR
0.3hrs(1080sec)

0.lhrs(360sec)1  2.5hrs(9000sec) Constant
IF, EI II

-.4
to
wi

1.n-ua

1.E-09

L.E-1

1.E-12

K=35MPa/m
3250C
B/Li: 1800/3.5ppm
DO<0.005ppm
DH=30cc/kg H,20

0.01 0.1 1 10
Holding lime (hrs)

100 1000

Figure The effect of holding time for cyclic loading on CGRs 27
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DISCUSSIONS
A MITSUBISHI

HEAVY INDUSTRIES, LTD.
_v TAKASAGO R&D CENTER

2. The effect of holding time on acceleration of the SCC GR
0.3hrs(1080sec)

0.1hrs(36 sec)l 2.5hrs(9000sec)
? I I

Constant
.E-08 I - 11 . I I I I I''.11 --I fT"t

-.4
co

('5

-S

Cu

Q3so

et
.W

_i _ _ I_l.E-09

l.E-10

l.E-l

:: I

132(LT)
132 (LS,TS)
82 (LS)
I T-1-tJWH-- I WL

- _ :~t

r

I

l.E-12

K=35MPaIm
3250C
B/Li:1800/3.5ppm
DO<0.005ppm
DH=30cc/kg H, 0

0.01 0.1 1 10
Holding Time(hrs)

100 1000

Figure The effect of holding time for cyclic loading on CGRs 28



DISCUSSIONS
A MITSUBISHE

HEAVY INDUSTRIES, LTD.
_ _ TAKASAGO R&D CENTER

3i3. Reducing SCC incubation time
10

co

9.5

9

< 8.5
Remarkably
changed

Q
U 0 100 200 300 400 500 600 700 800 900 1000

Testing Time (hrs)
The recommended holding times will vary for different
materials and specimen orientations. 29



MITSUBISHI
HEAVY INDUSTRIES, LTD.DISCUSSIONS A--TAKASAGO R&D CENTER

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

-4 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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MITSU BISH I
HEAVY INDUSTRIES. LTD.SUMMARY A TAKASAGO R&D CENTER

(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

-4 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. 32
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In-situ Raman Spectroscopic Study on Alloy 600
CRDM Nozzle Material and Its Implications

Ji Hyun Kim, II Soon Hwang
0, 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

2003. 9. 29 - 10. 2

Gaithersburg. MD, U.S.A.

MI Seoul National University Nuclear Materials Lab.
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1. Introduction

> 2. Rationale and Approach

> 3. In-situ Raman Spectroscopy

> 4. Results
0c

°) ) 5. Ni/NiO Equilibrium & Implication to PWSCC

; 6. Conclusions

arMarl

111� Seoul National Universityw Nuclear Materials Lab. 2



SG
Tube

'rjI
1.r If

1. W C

Nozzles &
SleevesFasteners-"""

'Seoul National University Nuclear Materials Lab. 3

CEC



roucio:PWSCC

;No general agreement
on the mechanism of
PWSCC
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Influence of [HJ on PWSCCInfluence of H21 on PWSCC
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Figure 7: Weight mesn menls of oxidized metal on alloy 600
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Figure8: Weight measurements of oxidiZed mlets] on alloy 690

CO

II1:

a 1

0
g

A Alloy 600

Sao.I *Alloy 690

90.0

60.0

30.0 .

00

H2 overpressure <1 30 2000
(kPa)___ _

Alloy 600 10

-Weight 60nm 1mn 90nm
measurement 80nm 175n 60nm
-X-ray diffraction m

Alloy 690
- Weight 30nm 40nm 25nm
measurement

(C. Soustelle et al. '99)

G1 I 10 100 1000 I000

Hydrogen partal pressure (kPa)

Figure 9: thickness of the oxide layers calculated from the
weight measurements (assuming an oxide density of 5)

- Total amount of oxidized metal(oxide+dissolved cations) as well as
thickness are maximum at the intermediate hydrogen overpressure.

oxide
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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

co Q, 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
b for pure metals and alloys in air-saturated or BWR water
t by T. Devine et al. and J. Maslar et al.

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

Seoul~~ Naioa UnvriyNcerMtrasLba Seoul National University Nuclear Materials Lab. 7



> Characterization of oxide structure and chemistry
under various PWR environments by in-situ
experimental method
qEx-situ reference oxide powder experiment
q In-situ experiment at various PWR conditions

WNiNiO domain on ECP-T coordinate
W Comparison with thermochemical calculations on Ni/NiO

q Oxide structure examination
q Comparison of oxide chemistry with earlier ex-situ

results

Seoul National University Nuclear Materials Lab. 8
a Seoul National University Nuclear Materials Lab. 8
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Raman Scattering
; Raman spectroscopy

Lager Light

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

\ 14 Molecule/

^1 N

-g L'..\

N-*
0O

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

AL,
HI I

. , .- - _ , I
a b c d e f

a, d: Rayleigh

c, f: Anti-Stokes b, e: Stokes
RamanRaman

I I 0
Shift

c
U

S e l Nl Ut Nr Ml L

Xl Seoul National University Nuclear Materials Lab. 9



> Material
t Alloy 690: hot forged, SA at 10500C 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 8.31 0.001 0.3 0.12 75.12|15.25 0.16 0.36 0.04 0.0090.0020.001

> Water environment
t PWR primary water chemistry

/ Deionized and deaerated water: DO2 < 10 ppb (inlet)
/Boron: 1,000 ppm, Lithium: 2 ppm

WHydrogen gas injection
/ Pure hydrogen gas of 0.7 atm overpressure: 30 cm3 (STP)/kg
/v5% hydrogen & 95 % He of 0.6 atm overpressure :

cm3(STP)/kg
WTemperature: 250 - 350 IC
q Pressure: 180 atm

coIli
0,

a Seoul National University
, . . W151

Nuclear Materials Lab. 1 0
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) Bird's-eye view of Raman system

Spectrometer
f.l.: 550mm, f/6.

Coupling lens
UL.: 300mm

co
CCD ; R

BI1, LN2 cool

Holographic
notch filter

Collection lens
SUl.: 300mm Uvs

Mirror'

3 Seoul National University

Ar+ Laser
(514.5 nm)

CCD
Controller

Bandpass
Filter

Anti-vibration
Optical Table

Nuclear Materials Lab.

Focusing Lens
f.l.: 150mm

12



-Load reaction cage+

- Tensile specimen+-

- Reference electrode-

Specimen

OD
c;

''Seoul National University Nuclear Materials Lab. 13



aV oscopy

> Reference Raman spectra measurement in air
t NiO
O NiFe2O4

t Cr 2 03

0 NiCr2O4

@ In-situ Raman spectra measurement
Dissolved hydrogen concentration variation

% Temperature variation

Seoul National University Nuclear Materials Lab. 14
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in Air at RT

) NiO

Cu

n

300

> Cr2 O3

C-

.E
Cu
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C

) NiFe2O
4
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C(D
C
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i

:I

70eA� A.-1 00nm e),!Citation
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I
NiFe204 [,38}

I

Is

Raman Shift (cm-')
I

I
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I ; -514.5nm excitation
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Ca)
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.... i ..... I i I, 1
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Raman Shift (cmn')

j Nir204.[38]
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xO

1- I

. .....

600 700 80)

Ramrn Shift (acr)

3 Seoul National University

300 400 50u Sf 0

Raman Shift (cmr')

Nuclear Materials Lab. 15

QC90



; Temperature and alloy 600 exposure time prior to
in-situ Raman spectra measurements

cow

Total exposure time prior Hold time at each
Te Cp to first measurement at temperature prior to first
(C) temperature (h) measurement (h)

250 28 2

290 33.5 3

320 42 7

350-I 47.5 3.5

350-II 69.5 20.5

Seoul National University Nuclear Materials Lab. 16
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i-s - I I S Ith IH 2 3Occ/kg

)o In-situ Raman Spectra with DH2=30cc/kg

0,

Cn

W

Cu
.

a

>1

Cn

C,
a)
4-
C

Species Peaks

NiCr2 04  430 510 682

CrOOH ca. 546-587 |

CrlI/Crvl 340-350 840-880
oxide

NiFe2O4  570 704

NiO 550 910

Sapphire 417 751

300 400 500 600 700 800
Raman Shift (cm ')

X Seoul National University

900 1000 1100
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) In-situ Raman Spectra with DH2=lcc/kg

0

I-

._

Cn

C

Species Peaks

CrOOH ca. 546-587

CrIL'/CrVI oxide 340-350 840-880

NiO 550 910

NiCr2 04 430 510 682

300 400 500 600 700 800 900 1000 1100

Raman Shift (cm-')
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) Change of dissolved hydrogen concentration
q1cc/kg -> 30cc/kg s.0 , ,

4.5 -

4.0 -

Me, 3.5 -

45
a 40

c 30-

-. 10-
o 10o 2.0-5

CN

ao 05-

w

DH,

i _ _dDO

30 -

25 1)

200

U

15 O

10 3o

w

OD

Co

n

I.-

Co

U)

co

I 2 4 6

Time (hours)

8 10 12

Species Peaks

CrOOH ca.546-587

Crlll/Crvy 340-350 840-880
oxide

NiO 550 910

NiCr204  510 682
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- s.e-sI!|lIIIi t~u
> After cool-down to room temp. and exposure to air

q No remarkable change in Raman spectrum
$lower of Cr-oxide peak(-870cm-1): absence of borate

Cr%=oxde + wateI
3500CDH =30

Fg I X I Cool down ICA)U

Room temperature
air condition

C

CIIroxidI

300 400 500 600 700 800 900 1000 1100

Raman Shift (cm-')

3Seoul National University Nuclear Materials Lab. 20
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Co

Comparison with past work
In-situ Soustelle et al. Caron Nakagawa et al.

(This work)

Method In-situ Raman GDOS+EDS XPS Synchrotron XRD

T ( 0C) 350 360 330 320

Exposure 71 300 1869 1000
time (hrs)

Oxd~) Cr0011 Compact layer (Ni+C-ich)
Oxideis Cr-Oxide, (NiCr 2 O4) + NiCrXod
ahigh NiO Precipitates t lDH2  :iNir (NiFe 0 ) Pt N~24

Oxide(s) Compact layer
at low DH2  Cr-Oxide, (NiCr 2 O4) NiO NiO

_ _ _ _ _ _ N i O _ _ _ _ _ _ _ _ _ _ _ _ _

0991a"
N't Seoul National University Nuclear Materials Lab. 21



NiFe2O4 detected at high DH2 condition in ex-situ studies
could not be observed in-situ at above 290 0C. 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.

CD

> > NiO, Cr203 , NiCr 204 were observed in agreement with
results of earlier ex-situ studies.

FE-SEM micrograph TEM micrograph

X Seoul National University Nuclear Materials Lab. 22



_ predicted
> Regular solution theory

0 Enthalpy of mixing
/ Hertzman & Sundman (1985)
V Use binary interaction coefficients to describe the enthalpy of mixing and

extrapolation of high temperature (> 1 100 K) thermodynamic data
q Standard Gibbs energy of formation of austenitic Ni-Cr-Fe solid

solu4i09, (alloy) = x, Af G (i, fcc) + RTZ xi in xi +EG; +ragGG
i i

where A fGT(alloy)=standard Gibbs energy of formation of the alloy

Af TG(i, fcc) = standard Gibbs energy of formation of component i

in the fcc structure of alloy

EGT = excess Gibbs energy

mago = standard Gibbs energy due to magnetic ordering

0 Chemical thermodynamic data
q Room temperature data: standard literature source and HSC database
O HT data by Criss-Cobble, HKF relation and extrapolation procedure
q Data for chromium hydrolysis species: Ziemniak (1998)
q Data for nickel and iron hydrolysis species : Tremaine et al. (1980)

20� Seoul National University%V Nuclear Materials Lab. 23



* measured & predicted

> DH2 vs. T and Comaprision with Earlier Work

| . , _ . | Predicted Ni/NiO equlibrium for alloy 600
-------- Measured by CER method [Attanasio et al.,20011

00 4

. l I -. llll l |* Ni-bere-oralo-0 iihs td

""Seoul National University Nuclear Materials Lab. 24
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on to PWSCC

Influence of teperture and [H)
forK, 30MPaNIm

F1mm S: The Efei oDiu6u [lydr -en eau AIais
6H nad X.750 Hlll SCCGR Exlrapulmed Dnwn tu

6 r ~ --I0V
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pc t:WSCC

Accelerated corrosion due to
Tetragonal/Monoclinic
phase transition of ZrO2

New Hypothesis on PWSCC
Redox alteration of Ni/NiO
may enhance film-percolation
and PWSCC

2

WIW nR CENT OMIN
122 3 b 10 t3 20 25

210.

/ I
2 0C

20_/ I

230( - 2Z3 22" <C"C

130 2 ' // (_______22100

213 /1-)

110 COt"

m I
0 10 20 30 40 *0 *0 70

ATWMI PWMCOT OXYG

Phase diagram of Zirconium
oxide [F. Garzarolli,1991]

M I
i~K Rodp

RmThrga-dcWfat edsdrn m
ftwm site pxrcadln ad

peoaeicn

'roatioknr mcd d afloNtaa
Paws nmiumthat is rrled s a
nrtzkd hideracrrddwrs.Oxidation behavior of zirconium alloys in

nuclear power dants [Edward Hillner, 1977]

Nda~q&fLA 16

StiN u a t l b.
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El'lbrum m lctio to WSCC

Implication to Mitigation Effort

>Tighter DH2 Control at PWR
*DH2 controlled by cover gas pressure in CVCS
*H2 pressure may vary with time(050 cc/kg?)

4n.

)Systematic investigation on DH2 effect
*Initiation and crack growth rate study as function of
DH2, temperature and stress
*Explore alternate DH2 levels;

*either lower or higher than now (30 cc/kg H20)

Seoul National University Nuclear Materials Lab. 27
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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;
v W CrOOH phase, undetected by ex-situ methods, was

observed under most conditions.
q NiFe2O4 usually found in precipitate layer was not

observed, conceivably due to the suppression of
precipitate layers in this work.

> NiO, Cr2 03 and NiCr2 04 phases were observed, in
reasonable agreement with ex-situ results.

a Seoul National University Nuclear Materials Lab. 28



Ni/NiO equilibrium was determined as function of dissolved hydrogen
concentration and temperature.
0 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.

t A good agreement was found between in-situ Raman results and
those from contact electrical resistance (CER) measurements on

CD Ni/NiO equilibrium.
-4

) Fluctuation in DH2 in PWR may cause Ni/NiO alternation
and accelerate PWSCC
q Stable DH2 control at PWR is suggested
0 Systematic study is needed for lower/higher DH2 control for

mitigation.

Seoul National University Nuclear Materials Lab.
a Seoul National University Nuclear Materials Lab. 29



I

848




