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Main Discussion Points

• Background and purpose

• MRP-276 report structure

• MRP-175 screening criteria technical basis

• Recently acquired data and assessments

• Conclusions
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Conclusions

• Recommendations



Background and Purpose

• Report prepared to address two IMT gaps:

– IMT Gap: P-AS-13 Thermal & Irradiation Embrittlement 
Synergistic Effects on CASS and Stainless Steel Welds 

– IMT Gap: I&E-06 (I&E Guidelines for Reactor Internals)

• Purpose of review and evaluations:

– Summarize results of assessments and testing on synergistic
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Summarize results of assessments and testing on synergistic 
effects of thermal aging and irradiation on fracture properties of 
CASS and austenitic stainless steel welds

– Assess requirements for fracture property results to analyze 
reactor internals components

– Identify additional test data or structural analyses needed to fill 
existing gaps in available information



MRP-276 Report Structure

• Summarizes technical basis behind MRP-175 screening 
criteria for thermal and irradiation embrittlement

• Summarizes recently available fracture toughness data 
and assessments on potential synergistic effects

• Assesses fracture property requirements needed to 
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analyze component items in B&W, CE, and W PWR 
designs

• Summarizes results and conclusions from this effort and 
provides recommendations for future efforts



MRP-175 Thermal Aging Embrittlement 
Screening Criteria

• Temperature, time, and material composition are 
overriding parameters controlling thermal aging 
embrittlement (TE)

• Material undergoes microstructural changes (e.g., 
precipitation of phases)
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– Leads to decreased ductility, toughness, and impact 
properties

– Leads to increased yield strength, ultimate tensile 
strength, and hardness

• MRP-80 summarizes available TE data



MRP-175 Thermal Aging Embrittlement 
Screening Criteria

Cast Austenitic Stainless Steel (CASS)

• Criteria based on recognized industry efforts approved by 
NRC

Austenitic stainless steel weld metal
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• Microstructure and aging susceptibility superior to 
statically-cast CASS due to lower Mo, Cr, and delta-ferrite

• Same criteria as statically-cast CASS used

• Therefore, no weld metal falls above screening level 
(>20%) because of lower ferrite contents

FOLLOWING TABLE PROVIDES SCREENING CRITERIA UTILIZED



MRP-175 Irradiation Embrittlement 
Screening Criteria

• Exposure to high-energy neutrons (E > 1 MeV) is the 
overriding parameter controlling irradiation embrittlement 
(IE)

• Creation of lattice defects from neutron bombardment of 
the material (e.g., interstitial atoms and vacant lattice sites 
[or point defects])
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[or, point defects])

– Leads to decreased ductility, toughness, and impact 
properties

– Leads to increased yield strength, ultimate tensile 
strength, and hardness

• MRP-79, Rev. 1 summarizes available IE data



MRP-175 Irradiation Embrittlement 
Screening Criteria

Cast Austenitic Stainless Steel (CASS)

• Criterion based on available fast reactor data

• No PWR or BWR data available at time of publication

Austenitic stainless steel weld metal
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Austenitic stainless steel weld metal

• Criterion based on available data from fast reactor and 
PWR/BWR

• Data appears to be consistent, except for a few data 
points between 2-18 dpa where PWR/BWR data falls 
below lower bound of fast reactor data

FOLLOWING TABLE PROVIDES SCREENING CRITERIA UTILIZED



Recently Acquired Data and Assessments

• Three sources of data

– Work by Chopra et al. of thermally aged CASS 
irradiated in Halden heavy water BWR

– Work by Horsten and Belcher on stainless steel strip 
clad deposit material
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– Work by Kim et al. for CASS and SS weld metal 
(PWROG and MRP-JOBB materials)



Recently Acquired Data and Assessments
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J-R curves for thermally-aged and irradiated CF-8M material and 
tested in simulated BWR water environments



Recently Acquired Data and Assessments
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The change in initiation toughness JIc of CASS and austenitic stainless steel weld 
metals as a function of neutron exposure (Note, the label JIC = 15 should be JIC = 9)



Recently Acquired Data and Assessments

No effect of thermal aging on 
fracture toughness (J-R) is 
seen with or without irradiation 
on Type 308L weld metal. Top, 
t t d t 100°C b tt t t d
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tested at 100°C; bottom tested 
at 295°C



Recently Acquired Data and Assessments
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The observed change in initiation toughness (mean, upper, and 
lower bound) of Type 308L weld metal as a function of temperature 



Recently Acquired Data and Assessments
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Fracture Response Map for a Typical CF-8 
Material Aged at 610°F for 3 Years 

Measured J-R Curves for the JOBB 
CF-8 Material Irradiated to 6 and 12 
dpa Compared to the Bands 
Predicted for Thermal Aging Alone 



Recently Acquired Data and Assessments
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Measured J-R Curves for the CF-3 Fuel Nozzle Material 
Irradiated to 0.08 dpa Compared to the Bands Predicted 
for Thermal Aging Alone 



Recently Acquired Data and Assessments
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Measured J-R Curves for the JOBB CF-8 



Recently Acquired Data and Assessments

• Available data clearly indicate: 

– Neutron dose level of 1x1017 n/cm2, E > 1 MeV does 
not change fracture toughness of CASS or SS welds 
that have been completely thermally aged

– Minimum fluence level for detectable fracture 
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toughness loss due to IE is well established at > 0.5 
dpa (3.3x1020 n/cm2, E > 1 MeV) for stainless steels

• No evidence in available data to indicate a synergistic 
effect of thermal aging and irradiation

• Nevertheless, there currently is insufficient testing to 
disprove a synergistic potential under all possible 
combinations of thermal aging and irradiation conditions



Recently Acquired Data and Assessments

• Most significant gap in test data is lack of data from 
specimens exposed to low (< 1 dpa) radiation doses and 
long thermal aging times

• Represented graphically in following figure
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Implications of Data for PWR Internals 
Applications 
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Recently Acquired Data and Assessments

• Gaps in data:

– The proposed NRC approach extends to lower neutron 
fluences where IE is not normally expected

– Investigation of long-term, low dose exposure of CASS 
and SS weld materials in LWRs
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– For extended service lives, no data exist to 
demonstrate SS welds approach same limiting fracture 
toughness as SS wrought materials

– SS weld materials reach higher doses than CASS and 
thus any synergy over long-term aging and dose is not 
known



Conclusions

• Available test data clearly indicate neutron dose level of 
1x1017 n/cm2, E > 1 MeV does not change fracture 
toughness for completely thermally embrittled CASS and 
austenitic SS weld materials

• Available data presented in this report show NRC 
recommended fluence screening criteria for synergistic
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recommended fluence screening criteria for synergistic 
effect (i.e., 1x1017 n/cm2, E > 1.0 MeV) is far too 
conservative and MRP-175 screening criteria (i.e., 6x1020

n/cm2, E > 1.0 MeV) is sufficiently conservative 

• Implementation of MRP-227 Guidelines provides 
appropriate aging management for irradiated CASS



Conclusions

• Conclusions of this study support a recommendation to 
withdraw GALL AMP XI.M13 to allow establishment of 
requirements for aging management of CASS internals 
based on MRP-227 in GALL AMP XI.M16

• Most significant gap in available test data is lack of data 
from specimens exposed to low (less than 1 dpa)
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from specimens exposed to low (less than ~1 dpa) 
radiation doses and long thermal aging times at PWR 
operating temperatures

– Only way to fill this gap is to test CASS and austenitic 
stainless steel weld items from decommissioned PWRs



Together…Shaping the Future of Electricity

24© 2010 Electric Power Research Institute, Inc. All rights reserved.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


