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Abstract i

Mdntaining the integrity of the reactor pressure (5) K ei and K ai curve shifts in low upper-shelf (LUS)4

1v:ssel (RPV) in a light-water-cooled nuclear power welds, (6) irradiation effects in a commercial LUS
plant is crucialin preventing and controlling severe weld, (7) microstructural analysis of irradiation
accidents which have the potential for major effects, (8) in-service aged material evaluations,
contamination release. The RPV is the only key (9) correlation monitor materials, and (10) special

4

saf:ty-related component of the plant for which a technical assistance.
duplicate or redundant backup system does not
exist. It is therefore imperative to understand and During this period, additional statistical analyses
be able to predict the capabilities and firntations of were perfomwd to examine the effects of
the integrity inherent in the RPV. In particular, it is precleavage ductile tearing on the K eJ curve shifts
vital to fully understand the degree of irradiation- and shapes and the specimen size adjustment of
induced degradation of the RPV's fracture K c data using the Ic adjustment procedure onJ
resistance which occurs during service, since 72 and 73W welds. " Dummy" duplex crack-arrest
without that radiation damage, it is virtually specimens were examined to increase the
impossible to postulate a realistic scenario that likelihood of the successful testing of the
would result in RPV failure- 20 remaining irradiated crack-arrest specimens. A

compilation of an annealing data base was initiated.
For this reason, the Heavy-Section Steel irradiation The preliminary study to examine both local and
(HSSI) Program has been established with its global variations of chemical composition and
primary goal to provide a thorough, quantitative transition temperature in the beltline and nozzle
ass ssment of the effects of neutron irradiation on welds was completed, and based on the results,it
th3 material behavior and,in particular, the fracture was decided to treat beltline and nozzle weld
toughness properties of typical pressure-vessel metals as two separate materials. Fracture
steels as they relate to light-water reactor pressure- toughness testing with compact specimens from
v sselintegrity. The program includes the direct both beltline and nozzle welds was begun. The
continuation of irradiation studies previously rate-theory-based model which has been
conducted within the Heavy-Section Steel developed was used to demonstrate that the
Technology Program augmented by enhanced pressure-vessel operating temperature of 288 C
examinations of the accompanying microstructural (550 F) is near a threshold below which the use
changes. Effects of specimen size; material of the steady state analysis is probably not
ch:mistry; product form and microstructure; appropriate. A detailed inventory of all remaining
irradiation fluence, flux, temperature, and correlation monitor material was begun. Neutron
spectrum; and postirradiation annealing are being transport calculations for various surveillance
examined on a wide range of fracture properties. specimen locations of the High Flux Isotope
Tha HSSI Program is arranged into ten tasks: Reactor at Oak Ridge National Laboratory were
(1) program management, (2) Kic curve shift in initiated to allow a better evaluation of the modified
high-copper welds, (3) K al curve shift in high- dpa exposure parameter being evaluated by the
copper welds, (4) irradiation effects on cladding, Nuclear Regulatory Commission.

iii NUREG/CR-5591
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Preface ORNL-4377
ORNL-44634

j
O

The primary goal of the Heavy-Section Steel O -

Irradiation (HSSI) Program is to provide a thorough ORNL-4653quantitative assessment of the effects of neutron ' *
ORNL-4681irradation on the material behavior and, in*

ORNL-4764
particular, the fracture toughness properties of ORNL-4816
typical pressure-vessel steels as they relate to light- ORNL-4855
water reactor pressure vessel (RPV) integrity. The ORNL 4918
program includes studies of the effects of ORNL-4971
irradiation on the degradation of mechanical and

ORNUTM-4655 (Vol. II)
,

j fracture properties of vessel materials augmented
ORNUTM-4729 (Vol. II)by enhanced examinations and modeling of the
ORNUTM-4805 (Vol. II) 1

'

accompanying microstructural changes. Effects of
ORNUTM-4914 (Vol.11) !

specimen size; material chemistry; product form
ORN11TM-5021 (Vol. II) I

and microstructure; arradiation fluence, flux ORNUTM-5170t:mperature, and spectrum; and postirradia't.ion ORNUNUREG/TM-3;

annealing are being examined on a wide range of ORNUNUREG/TM-28
'

fracture properties. Results from the HSSI studies ORNUNUREG/TM-49
will be incorporated into codes and standards ORNUNUREG/TM-64,

directly applicable to resolving major regulatory ORNUNUREG/TM-944

issues which involve RPV irradiation embrittlement ORNUNUREG/TM-120
such as pressunzed-thermal shock, operating ORNUNUREG/TM-147
pressure-temperature limits, low-temperature ORNUNUREG/TM 166cverpressurization, and the specialized problems ORNUNUREG/TM-194associated with low upper-shelf welds. ORNUNUREG/TM-209

ORNUNUREG/TM-239
~ This HSSI Program progress report covers work NUREG/CR-0476 (ORNUNUREG/TM-275)

performed from April through September 1991. NUREG/CR-0656 (ORNUNUREG/TM-298)
The Nrk performed by Oak Ridge National NUREG/CR-0818 (ORNUNUREG/TM-324)

; Laboratory (ORNL) is managed by the Metals and NUREG/CR-0980 (ORNUNUREG/TM-347)
' Cerarncs (M&C) Division of ORNL Major tasks at NUREG/CR-1197 (ORNL/NUREG/TM-370)

ORNL are carried out by the M&C, Computing NUREG/CR-1305 (ORNUNUREG/TM-380)
Applications, and Engineering Technology NUREG/CR-1477 (ORNUNUREG/TM-393),

Divisions. NUREG/CR 1627 (ORNUNUREG/TM-401)
NUREG/CR-1806 (ORNUNUREG/TM-419)z

Previous HSSI Progress Reports in this series are: NUREG/CR-1941 (ORNUNUREG/TM-437)
NUREG/CR 2141, Vol.1 (ORNUTM-7822)

- NUREG/CR-5591 Vol.1, No.1 NUREG/CR-2141, Vol. 2 (ORNUTM-7955)
'

(ORNUTM-11568N1&N1) NUREG/CR-2141, Vol. 3 (ORNUTM-8145)
NUREG/CR-5591, Vol.1. No. 2 NUREG/CR 2141, Vol. 4 (ORNUTM-8252)

(ORNUTM-11568N1&N2) NUREG/CR-2751, Vol.1 (ORNL/TM-8369N1)
NUREG/CR-5591, Vol. 2, No.1 NUREG/CR 2751, Vol. 2 (ORNL/TM-8369N2)

(ORNUTM-11568N2&N1)
NUREG/CR-2751, Vol. 3 (ORNUTM-8369N3)'

NUREG/CR-2751, Vol. 4 (ORNUTM-8369N4)
NUREG/CR-3334, Vol.1 (ORNUTM-8787N1)'

Some of the series of irradiation studies conducted NUREG/CR-3336 Vol. 2 (ORNL/TM-8787N2)within the HSSI Program were begun under the NUREG/CR-33 4 , Vol. 3 (ORNUTM-8787N3)
,

Heavy-Section Steel Technology (HSST) Program NUREG/CR-3744, Vol.1 (ORNUTM-9154N1)
e prior to the separation of the two programs in 1989. NUREG/CR-3744, Vol. 2 (ORNUTM-9154N2)

Previous HSST Program progress reports contain NUREG/CR-4219, Vol.1 (ORNL/TM-9593N1)
much information on the irradiation assessments NUREG/CR-4219, Vol. 2 (ORNUTM-9593N2)
being continued by the HSSI Program as well as NUREG/CR-4219, Vol. 3, No.1
earlier related studies. The HSST Program (ORNUTM-9593N3&N1)progress reports issued before formation of the NUREG/CR-4219, Vol. 3, No. 2
HSSI Program are also tabulated here as a (ORNUTM-9593N3&N2)
corivenience to the reader. NUREG/CR-4219, Vol. 4, No.1

(ORNUTM-9593N4&N1)
ORNL-4176 NUREG/CR-4219 Vol. 4, No. 2>

ORNL-4315 (ORNUTM-9593N4&N2)

xi NUREG/CR-5591
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Summary
4

1. Program Management embrittled-type crack-arrest specimens were |
'

tested, and detailed results with some preliminary
conclusions have been published and a summary

The Heavy-Section Steel irradiation (HSSI) given in a previous semiannual progress report. In
Programis arranged into ten tasks: (1) program Phase il of the Kia program,24 duplex-type crack-
management, (2) Kiccurve shift in high-copper arrest specimens will be tested. The first four
w: Ids, (3) K acurve shift in high-copper welds, tested duplex specimens experienced arrest in thei
(4) Irradiation effects on cladding (5) K el and Ki electron-beam fusion zone apparently due to lack
curve shifts in low upper-shelf (LUS) welds, of fusion. Based on test results from " dummy
(6). irradiation effects in a commercial LUS weld, specimens" f abricated to intentionally duplicate the
(7) microstructural analysis of irradiation effects, lack of fusion conditions, preparations for
(8) in-service aged material evaluations, modifying the 20 remaining irradiated crack-arrest
(9) correlation rnonitor materials, and (10) special specimens are nearing completion.
technical assistance. Progress reports are issued
on a semiannual basis, and the report chapters
correspond to the tasks. The work is performed by

4. Irradiat,on Effects inithe Oak Ridge National Laboratory (ORNL). During
the report period,18 program briefings, reviews, or Cladding
technical presentations were made by the HSSI
staff, and three technical papers were published. The objective of this series is to obtain toughness

properties of stainless steel cladding in the
unirradiated and irradiated conditions. The

2. Kic Curve Shift in High- properties obtained include tensite, cnarpy,

Copper Welds V-notch (CVN) impact, and J-integral toughrtoss.
The goalis to evaluate the fracture resistance of
irradiated weld-metal cladding representative ofThe objectives of the Fifth irradiation Senes are to

d;termine the K ei curve shifts and shapes for two that used in early pressurized-water reactors

irradiated high-copper,0.23 and 0.31 wt %, (PWRs). The fracture properties are needed for
submerged-arc welds (SAWS) [72W and 73W, detailed integrity analyses of vessels during
respectively). Additional statistical analyses have overcooling situations. There was no significant
been performed to examine (1) the effects of activity within this task during this reporting period.
precleavage ductile tearing on the KJecurve shifts
and shapes,(2) the specimen size adjustment of
KJc data using the le adjustment procedure, and 5. Kic and Kia Curve Shift and
(3) the effects of including data which violate the Annealing in LUS Weldsdefinition of "small-scale yielding." Umiting the
results to those which did not experience
significant stable ductile tearing, those satisfying Two irradiation series will be performed within this

the definition of small-scale yielding, and ic. task. The primary objective of Series 8 is to
l and K a for LUS high-copper weldexamine the K e iadjusted data did not change the results of the

analyses regarding shifts and shape changes of metal irradiated at 288*C (550 F), with particular

the fracture toughness curves. The establishment emphasis on the shift and change in shape of the

of bounding curves using Weibull-based American Society of Mechanical Engineers curves

procedures has also been examined, and following irradiation. The purpose of the Ninth
,

Irradiation Series is to evaluate the correlationpreliminary results are encouraging. between fracture toughness and CVN impact
energy during irradiation, annealing, and
winadiation. ouring this reporting period, a review3. Kia Curve Shift in High- of the literature on the annealing response of

Copper Welds reactor pressure vessel steels continued with the
aim of determining additional research needs. In

The objectives of the Sixth irradiation Series are to particular, the effects that various parameters have
determine the K ai curve shifts and shapes for two on the residual embrittlement and reirradiation rates
high-copper SAWS. The program is being will be considered. In addition, compilation of an
conducted in two phases. In Phase 1,36 weld- annealing data base was initiated.

xiii NUREG/CR-5591
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6. Irradiation Effects in a during in-nuclear-plant operation. The initial focus

Commercial LUS Weld of this task is to augment the existing hot-cell
testing capability available to the HSSI Program with

The primary objective of the HSSI Program Tenth remote machining capabilities for the fabrication of

irradiation Series is to investigate the postirradiation specimens from samples of activated steel
fracture toughness of the SAW from the Midland obtained from service-exposed components.
Urnt 1 reactor vessel. The reactor is a PWR owned There was no significant activity in this task during
by Consumers Power Company that was canceled this reporting period.
prior to startup. The weld from that vesselis of
considerable interest because it carries the
Babcock and Wilcox designation WF-70, an LUS 9. Correlation MonitorSAW fabricated with a specific heat of weld wire Materials(heat 72105) and specific lot of flux (lot 8669),
which is the controlling materialin five operating
reactor vessels. Activity during this reporting Thir is a new ?ask that has been established with
period includes the completion of a preliminary tne explicit purpose of ensuring the continued
study to exarrine both local and global variations of availability of the pedigreed and extremely well-
chernical composition and transition temperature in characterized mat 0 rial now required for inclusion in
the beltline and nozzle welds. As a result of this all additional and fu'ure surveillance capsu!es in
preliminary survey, it was decided to treat beltline commercial LWRs. Having recognized that the only
and nozzle weld metals as two separate materials. remaining materials cualified for use as a correlation
Fracture toughness testing with compact rnonitor in reactor sur reillance capsules are the
specimens from both beltline and nozzle welds is pieces remaining from the early HSST plates 01,
under way. 02, and 03, this task will provide for cataloging,

archiving, and disdouting the material on behalf of
the Nuclear P;gulatory Commission (NRC). During

7. Microstructural Analys,s and this reporting period, a detailed inventory of alii

Modeling remaining correlation monitor materiai was begun.

Tho objective of this task is to provide an enhanced
capability to interpolate and extrapolate the degree 10. Special Technical
of radiation embrittlement beyond existing data Assistance
bases. To accomplish this, a combination of
studies examining ultrafine-scale radiation-induced This task was established during the current
damage and developing models based on reporting period to explicitly emphasize andfundamental mechanisms are being performed.

provide performance and financial monitoring ofDuring this reporting period, the rate-theory-based various analytical and experimentalinvestigationsmodel that has been developed in this task was conducted to support the NRC in resolving short-used to demonstrate that the light-water reactor
(LWR) pressure vessel operating temperature of term, high-priority regulatory and research issues.

The current activity being performed as part of this
288'C (550*F) is near a threshold below which the task is to provide three-dimensional neutron

,

use of the steady state analysis is probably not transport calculations for various surveillanceappropriate. The fraction of point defects that are specimen locations within the vessel of the High
lost due to matrix recombination was used as a Flux isotope Reactor (HFIR) at ORNL to allow a
metric in this work. The influence of the better evaluation of the modified displacements

.

displacement rate was also investigated in this
transient regime, and the dose rate dependence of Per atom exposure parameter being evaluated by

the NRC. Calculations are being performed for thethe recombination fraction during the transient was HFIR locations designated keys 2,4,5, and 7.
observed to be the inverse of that observed at During this reporting period, the one-dimensional
steady state. modeing of the HFIR was performed, and it was

discovered that using only one thermal group with

8. In-Service Aged Material no upscatter would not meet the needed criteria.
Therefore, a cross-section set with 64 total groups,

Evaluations with 12 thermal upscatter groups, was generated.
A two-dimensional calculation was made with the

The overall objective of this task is to assess the DORT cx)de. Cumulative scalar fluxes calculated
service-induced degradation of fracture resistance previously are 15 to 25% higher than those from
through examination of components exposed the current HFIR model.

NUREG/CR-5591 xiv
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Heavy-Section Steel Irradiation Program Semiannual
Progress Report for April through September 1991,t

.

W. R. Corwin
,

1. Program Management;

The Heavy-Section Steel trradiation (HSSI) fracture properties have the potential for strongly
Program, a major safety program sponsored by affecting the extension of small surface flaws
the Nuclear Regulatory Commission (NRC) at during overcooling transients.
Oak Ridge National 12 oratory (ORNL), is an
engineering research activity devoted to providing Results from the HSSI studies will be integrated to
a thorough, quantitative assessment of the effects aid in resolving major regulatory issues f acing the
of neutron irradiation on the material behavior, NRC. Those issues involve RPV irradation
particularly the fracture toughness properties, of embrittlement such as pressurized-thermal shock,
typical pressure-vessel steels as they relate to light- operating pressure-temperature limits, low-
water reactor (LWR) pressure-vesselintegrity. The temperature overpressurization, and the

i program centers on experimental assessments of specialized problems associated with low upper-
irradiation-induced embrittlement (including the shelf (LUS) welds. Together, the results of these
completion of certain irradiation studies previously studies also provide guidance and bases for
conducted by the Heavy-Section Steel evaluating the overall aging behavior of LWR

,

! Technology (HSST) Program) augmented by pressure vessels.
detailed examinations and modeling of the

,

accompanying microstructural changes. Effects of The program is coordinated with those of other
specimen size; material chemistry; product form government agencies and the manufacturing and
and microstructure; irradiation fluence, flux, utility sectors of the nuclear power industry in the
temperature, and spectrum; and postirradiation United States and abroad. The overall objective is
annealing are being examined on a wide range of the quantification of irradiation effects for safety

;
fracture properties. Fracture toughness (K ci and assessments of regulatory agencies, professional
Jic), crack-arrest toughness (K a), ductile tearing code-writing bodies, and the nuclear power

l

resistance (dJ/da), Charpy V-notch (CVN) impact industry.
energy, drop-weight nil-ductility transition (NDT),

: and tensile properties are included. Models based The program is broken down into one task

on observations of radiation-induced responsible for overall program management and
<

microstructural changes using the field-ion nine technical tasks: (1) program management,

microprobe and the high-resolution transmission (2) K ci curve shift in high-copper welds, (3) K ai
i electron microscope are being developed to curve shift in high-copper welds, (4) irradiation

provide a firm basis for extrapolating the measured effects on cladding, (5) K ci and Kfa curve shift in
changes in fracture properties to wide ranges of LUS welds, (6) irradiation effects in a commercial
irradiation conditions. The principal materials LUS weld, (7) microstructural analysis of irradation
examined within the HSSI Program are high-copper effects, (8) in-service aged material evaluations,4

welds because their postirradiation properties (9) correlation monitor materials, and (10) special
frequently limit the continued safe operation of technical assistance. Accordingly, the chapters of
commercial reactor pressure vessels (RPVs). In this progress report correspond to these ten tasks.
addition, a Emited effort will focus on stainless steel
weld-overlay cladding typical of that used on the During this period, six program briefings, reviews,
inner surfaces of RPVs because its postirradiation or presentations were made by the HSSI staff,

during program reviews and visits with NRC staff or
|

others. Three technical papers 1-3 were published.
ucier Reg in addition,12 technical presentations were made:g g g the Com

Ageomont0071886-81048L whlhe four4-7 at the Annual Meeting of the Intemational
u.S. of Enorgy under contract DE-ACo%40R21400 Group on Radiation Damage Mechanisms, Raleigh,
wh h h Enew Spems5c. North Carolina, April 22-26,1991; one8 ot

American Society for Testing and Materials (ASTM)
tThe serrutW manuscnpt has been authored ty a contmctor of the
U S Govemment under contract DE-ACOM40R21400 Subcommittee E24.01, Indianapolis, Indiana,

May 8,1991; one9 o American Society ofAccordngY. the U.s Gevemment retuns a non4xclusue. t'
E"c'ftnbuNasoYcNNfo$r Mechanical Engineers (ASME) Code Section XI,Govemment

Orlando, Fionda, May 21,1991; onelo t theawrposes.
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Workshop on Neutron Dose Rate Effects / Spectral 7. R. E. Stoller," Overview of the Key issues
Effects on Materialirradiation Degradation, Atlantic Conceming the Use of DPA as a Damage
City, New Jersey, June 26,1991; one11 at the Correlation Parameter," presented at the Annual
11th Intemational Conference on Structural Meeting of the intemational Group on Radiation
Mechanics in Reactor Technology (SMiRT), Tokyo, Damage Mechanisms, Raleigh, North Carolina,
Japan, August 22,1991; one12 at the SMiRT 11 April 22 26,1991.
Post-Conference Seminar No. 2 " Assuring
StructuralIntegnty of Steel Reactor Pressure 8. R. K. Nanstad, " Evaluation of K e Validityi
Boundary Components," Taipei, Taiwan, August Limits for Pressure Vessel Steels," presented to
26-28,1991; one13 at Japan Atomic Energy ASTM Subcommittee E24.01, Indianapolis,
Research Institute, Tokai Research Establishment, Indiana, May 8,1991.
Tokai, Japan August 30,1991; one14 at Mitsubishi
Heavy Industries, Takasago, Japan, September 2, 9. R. K. Nanstad, " Comparison of Kie Curves and
1991; and one15 at Japan Power Engineering HSSI Program Data," presented to ASME Code
and inspection Corporation, Tokyo, Japan, Section XI, Orlando, Florida, May 21,1991.
September 3,1991.

10. R. K. Nanstad, L. K. Mansur, K. Farrell,
and R. E. Stoller, " Observations and Analyses

References Regarding Accelerated Neutron Embrittlement of
Ferritic Steels,* presented at the Workshop on
Neutron Dose Rate Effects / Spectral Effects on

1. R. K. Nanstad and R. G. Berggren, Martin MaterialIrradiation Degrada: ion, Atlantic City,
Marictta Energy Systems, Inc., Oak Ridge Natt. New Jersey, June 26,1991.
Lab., Oak Ridge, Tenn Irradiation Effects on
Charpy impact and Tensile Properties of Low 11. W. R. Corwin, " Comparisons of irradiation-
Upper-Shelf Welds, Heavy-Section SteelIrradiation Induced Shiits in Fracture Toughness, Crack
Program, Irradation Series 2 and 3 USNRC Report Arrest, and Charpy impact Energy in High-Copper
NUREG/CR 5696 (ORNldTM-11804), June 1991.* Welds," presented at the 11th International

Conference on Structural Mechanics in Reactor
2. W. R. Corwin, " Comparisons of irradiation- Technology (SMiRT), Tokyo, Japan, August 22,
induced Shifts in Fracture Toughness, Crack 1991.
Arrest, and Charpy impact Energy in High-Copper
Welds," pp. 231-36 in Transactions of the 11th 12. W. R. Corwin, "Recent Results from the
Intemational Conference on Structural Mechanics Heavy-Section Steelirradiation Program,"
in Reactor Technology (SMiRT), Vol. F, August presented at SMiRT 11 Post-Conference Seminar
1991.+ No. 2, Assuring Structuralintegrity of Steel Reactor

Pressure Boundary Components, Taipei, Taiwan,
3. F. M. Haggag, W. R. Corwin, and August 26-28, 1991.
R. K. Nanstad, " Effects of irradiation on the
Fracture Properties of Stainless Steel Weld 13. W. R. Corwin, "Recent Results from the
Overlay Claddng," Nucl. Eng. Des.124, Heavy-Section Steellrradiation Program."
129-41 (1990).+ presented at Japan Atomic Energy Research

Institute, Tokai Research Establishment, Tokai,
4. R. E. Stoller,"A Proposed Matrix of Japan, August 30,1991.
Surveillance Steels for Fundamental Studies of
irradiation Embrittlement," presented at the Annual 14. W. R. Corwin, "Recent Results from the
Meeting of the Intemational Group on Radiation Heavy-Section Steelirradiation Program,*
Damage Mechanisms, Raleigh, North Carolina, presented at Mitsubishi Heavy Industries,
April 22 26,1991. Takasago, Japan, September 2,1991.

5 R. E. Stoller," Low-Temperature Embrittle. 15. W. R. Corwin, "Recent Results from the
ment of Structural Steels," presented at the Annual Heavy-Section Steel-Irradiation Program,"
Meeting of the intemational Group on Radiation presentsd at Japan Power Engineering and
Damage Mechanisms, Raleigh, Norfel Carolina, Ir'spection Corporation, Tokyo, Japan,
April 22-26,1991. September 3,1991.

6. R. E. Stoller, "The UCSB-Harwell Matrix of
Model and Commercial Steels," presented at the 'AggQgQomanechnemane
Annual Meeting of the intemational Group on
Radation Damage Mechanisms, Raleigh, %adable in pubic schncanbranes.

North Carolina, April 22-26, 1991.
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Curve Shift in High-Copper Welds2. Kic

R. K. Nanstad, D. E. McCabe, F. M. Haggag, and K. O. Bowman

The objectives of the Fifth Irradiation Series are to 20 MPaVm. Following adjustment of a large

determine the K ci curve shifts and shapes for two body of data from different specimen sizes to the

irradiated high-copper,0.23 and 0.31 wt %, 1T size, Wallin then estimated the scale parameter

submerged-arc welds (SAWS) [72W and 73W, at each temperature for which he had sufficient

respectively). Allplanned unirradiated and data (at least two data points) and then fit an

irradiated testing for the Fifth Irradiation Series has exponential equation, with temperature (T - To) as

been completed and the results presented the independent variable, to the 63.2 percentile

previously. ' Also, previous progress reports points estirnated from the data. The temperature,
discussed some of the statistical analyses; To,is that at which the mean fracture toughness is

|

specimen size effects on cleavage fracture 100 MPalm. To obtain bounding curves, then,

toughness, K c; and specimen size effects on one can fit the exponential to the desired I
J

precleavage stable ductile tearing. Those results percentile, e.g., the five or one percentile. 4

'

demonstrated that there is a specimen size eff ect Preliminary analyses to estimate the temperature

on the cleavage fracture toughness but that the dependence of the mean fracture toughness for
effect is not due to differences in ductile tearing 72 and 73W indicate good agreement with the

behavior. analysis of a much larger data set by Wallin.
Furthermore, bounding curves were obtained

Additional statistical analyses have been performed which adequately bound the data. These analyses

to examine (1) the effects of precleavage ductile are in the process of being finalized, and

tearing on the K cJ curve shifts and shapes,(2) the preparation of the final report is in progress.

specimen size adjustment of KJe data using the ic
adjustment procedure,1 and (3) the effects of REFERENCESincluding data which violate the definition of "small.

!scale yielding?
1. J. G. Merkle, Martin Marietta Energy

The fracture toughness data are also being Systems, Inc., Oak Ridge Nati. Lab., An

analyzed using Weibull-based procedures. Wallin2 Examination of the Size E//ects and Data
'Scatter Observed in Small-Specimen Cleavage

has developed an analysis procedure that involves Fracture Toughness Testing, USNRC Report
fitting a three-parameter Weibull distribution to the NUREG/CR-3672 (ORNUTM-9088), April 1984.*
fracture toughness data at each temperature and
also includes a size adjustment derived from a fixed

2. K. Wallin, "The Scatter in Kic-Results," Eng.
Weibull slope concept. Wallin determined that the
shape parameter (Weibull slope) is equal to four, Frac. Mech. 19(6),1085-93 (1984).t

which is near the value that makes the Weibull and
normal distributions (Weibull slope of 3.25) almost i

indistinguishable from one another. He also .gggygymanecemcamamaneA

determined that a reasonable value of Kmin. at
least for pressure-vessel steels, is about iAvadaNe from pudic techmcanbranes.

t
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3. Kb Curva Shift in High Coppor Wcids

S. K. Iskander, R. K. Nanstad, and E. T. Manneschmidt

in the fracture mechanics integrity analysis of sometimes arrests the flaw in the fusion region.) It
RPVs, the initiation and arrest fracture toughness is likely that this lack of fusion or porosity exists in
curves as described in Sect. XI of the ASME the remaining 20 specimens. An attempt is being
Boller and Pressure Vessel Code are often made to utilize these specimens by increasing the
used. These curves are also used for the normal crack-driving force. The idea behind this
operation of RPVs. The effects of neutron modification is that a sufficient large crack-driving
irradiation on toughness are accounted for by force may cause the propagating flaw to jump
shifting the curves upward in temperature without across the unfused, porous zone provided that the
change in shape by an amount equal to the shift of porous zone is not too large.
the CVN impact energy curve at the 41-J level.
Such a procedure implies that the shifts in the About ten unirradiated duplex crack-arrest
fracture toughness curves are the same as that at specimens (" dummy specimens") have been
the CVN 41-J energy level and that irradiation does manufactured with an intentionally unfused
not change the shapes of the fracture toughness electron-beam (EB) weld zone. The unfused
curves. region is an approximate duplication of the

condition found in the four irradiated weld metal
The primary objective of the Sixth irradiation Series duplex specimens previously tested. The initial
(for brevity, the K a program) is to determine the crack-driving force is approximately proportional toi
effect of irradiation on the shift and shape of the the square root of the diameter of the crack-starter
Kia versus (T - RTNDT) curve. The objective of hole. At present, the diameter of the hole in the

the Fifth Irradiation Series (the K e program) is irradiated duplex specimens is approximately
i

similar but determines the effect of irradiation on 4 mm. Specimens with two different hole
d.amdus,16 and W mm @ ad M ind, haveK c. One of the significant results of the K ei i been manufactured to determine the optimum holeprogram is that a decrease in slope of the lower

"bound to the irradiated initiation toughness, KJ
curve for the 73W weldment has been observey' were successful. (The specimens had 16-mm-diam

cra& stas Wes) In me unsuccessWests, h
and for which a decrease in slope of CVN impact unfused region was too large to allow the crack to
energy curve was also observed.1 jump across. It is difficult to make an EB weld with a

predetermined " defective zone * However, in the
There were 36 weld-embrittled and 24 duplex- two successful tests, a f ast-running crack
type specimens irradiated for the Kia program. The propagated across the unfused EB weld region
36 weld-embrittled specimens have already been and well into the test section. It is believed that, if
tested in Phase I of the Kla program, and a the unfused region is no larger than about one-
detailed report has been published.2 A summary third of the net section at the root of the side
of the objectives of the program, the materials, the grooves (which is indeed the case in the four
specimens used, and the results have also been irradiated 72 and 73W specimens already tested
reported.3 in Phase II of the K a program, and mentioned above), then increasing the crack-

l
24 duplex-type crack-arrest specimens will be starting hole diameter to 16 mm increases the

tested. probabilities of obtaining useful data from the
remaining 20 irradiated crack-arrest specimens.
The dummy specimens were machined from

3.1 Testing of Duplex-Type A 533, grade B base metal whose crack-arrest

Crack-Arrest Specimens - behavioris already known. The detailed results of
these tests were given in the previous semiannualg

Four of the 24 duplex-type specimens, two each The preparations for modifying the 20 irradiated
from the 72 and 73W welds, have been previously crack-arrest specimens are nearing completion. A
tested. In all four spedmens, the flaw arrested in specially adapted, remotely operable lathe has
the fusion zone between the 4340 crack-starter been successfully used on a dummy specimen
material and the weld metal test section. Porosity outside the hot cell. As a dummy specimen, a
and lack of fusion were probably the major reasons monolithic crack-arrest specimen of 4340 steel
for the crack arresting in that region. (The heat- and of the same geometry as the irradiated duplex
affected zone in unirradiated duplex specimens ones is used, hardened to about HRC 45-48, the

NUREG/CR-5591 4
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estimated hardness of the 4340 portion of the the Ford Nuclear Reactor in Michigan. Planning of
irradiated duplex specimens. The lathe will be the irradiated test program is proceeding. The
moved into the hot cell shortly and tested again on remote fixture used in the testing of the Sixth
a dummy specimen. Soon thereafter, the irradiated Irradiation Series is too small to be used with the
specimens will be modified and tested. three large specimens. There are other detaiis

about the ENEA specimens that will also require j

Ultrasonic nondestructive examination (NDE) of modifications to the presently available equipment.
'

duplex crack-arrest specimens has been One example of such a difference is that these

performed using newly acquired equipment. The specimens have been designed to use knife

Gxamination was very encouraging as it revealed edges located on the front face for measurement

the extent of an unfused zone. Previous tests of crack-mouth opening displacements (CMODs).

Using standard techniques did reveal the presence These knife edges are not an integral part of the

of an unfused zone but failed to size it. Ultrasonic specimen and will have to be attached remotely.

NDE of duplex crack-arrest specimens is being With irradiated specimens, ORNL has used

pursued to determine feasibility as a quality control integrally attached clip gage blocks with conical ,

technique on the EB weld zone. If successful,it recesses that receive a clip gage with mnical j

can provide the opportunity for rewelding defective points. In order to test the ENEA specimens,if a
'

specimens for possible salvage. conical point CMOD gage is used, the CMOD |
'

measurements cannot be made at the a/W = 0.25
' ti " P''S 'ib'd in the crack-arrest standard, it is

3.2 Pre arations for Testin9 still possible to obta.m crack-arrest data by using an
EN A Irradiated Crack- appropriate compliance relationship. The other

Arrsst Specimens possibility is to use specially machined knife edge
blocks. Both approaches are being considered.
ORNL is in touch with BCL to keep them apprised

The Italian Committee for Research and of progress with the ENEA specimens.
Development of Nuclear Energy and Altemative
Energies (ENEA), the Italian NRC, started some
time ago an extensive research program to References
characterize an ASTM A 508, class 3 forging
produced in Italy. The research program 1. R. K. Nanstad, F. M. Haggag, and
encompassed both unirradiated and irradiated S. K. Iskander, " Radiation-Induced Temperature
mechanical property data from the following types Shift of the ASME K e Curve." pp.143-48 inlof specimens: tensile, Charpyimpact (both

Transactions of the 10th intemational Conferencestandard and precracked), compact tensile, and on StructuralMechanics in Reactor Technology
crack-arrest. The testing and irradiation of these
specimens were performed at several locations: (SMiRT), Vol. S, ed. A. H. Hadgjian,
ENEA CRE Casaccia Laboratories, Battelle August 1989.*
Columbus Laboratories (BCL), and two laboratories

2. S. K. Iskander, W. R. Corwin, andof the French Commissariate a FEnergie Atomique. R. K. Nanstad, Martin Marietta Energy Systems,
ENEA originally planned to test the irradiated crack. Inc., Oak Ridge Natl. Lab., Results of Crack-Arrest
arrest specimens at BCL, but BCL has recently Tests on Two Irradiated High-Copper Welds,
decommissioned its hot cell facilities. USNRC Report NUREG/CR-5584 (ORNL/TM-

11575), December 1990.t
The NRC has agreed to have the irradiated crack-
arrest specimens tested at ORNL because of the 3. S. K. Iskander et al., Martin Marietta Energy
usefulness and applicability of these data to the Systems, Inc., Oak Ridge Natl. Lab., "K a Curvel
safety assessment of U.S. RPVs. ENEA has nine Shift in High-Copper Welds," pp.11-16 in Heavy-
irradiated crack-arrest specimens manufactured Section SteelIrradiation Program Semiannual
from an ASTM A 508, class 3 forging. The Program Report October 1989 - March 1990,
in-plane dimensions of three of the specimens are USNRC Report NUREG/CR-5591, Vol.1 No.125 x 200 x 200 mm, and the remaining six are (ORNL/TM-11568/V1&N1), August 1990.t
13 x 100 x 100 mm. The fluence of the nine
specimens varied between approximately 2 to
3.2 x 1019 neutrons /cm2 (1 MeV), and the
irradiation temperature varied from 240 to 280 C.

*

Avadable in pubic techncal hbranes

The nine irradiated crack-arrest specimens
belonging to the ENEA have been received and tAvadable for purchase frorn Naconal Techncalinformabon

Sones. Sporpeid, VA 22161.
stored at ORNL. The specimens were located at
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4. Irradiation Effects in Cladding

R. K. Nanstad

The objective of this series is to obtain toughness cladding representative of that used in early PWRs.
properties of stainless steel cladding in the The fracture properties are needed for detailed
unirradiated and irradiated conditions. The integrity analyses of vessels during overcooling
properties obtained include tensile, CVN impact, situations. There was no significant activity within
and J-integral toughness. The goalis to evaluate this task during this reporting period.
the fracture resistance of irradiated weld-rnetal

p
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and K , Curve Shift and Annealing5. Kie i
in LUS Welds

S. K. Iskander and R. K. Nanstad

The purpose of the Ninth irradiation Series is to has been developed using a data base of 62 data
evaluate the correlation between fracture points. Since that time, more data have become
toughness and CVN impact energy during available.
irradiation, annealing. and reirradation (IAR). A
preliminary review of the literature on the lAR in order to investigate in-depth the effect of various
response of RPV steels has suggested additional parameters on the IAR response of materials of
research needs. The postanneal relationship interest, a compilation of an annealing data base |

between fracture toughness and CVN impact has been initiated. It is being prepared by j

energy and the rate of fracture toughness F. B. Kam's group to enable detailed studies of
degradation after annealing are among the available CVN data on the reponse of RPV steels
properties that require further study. during IAR.

A relationship between the residual postanneal Reference
transition temperature shift, ATTRES, and an
annealing effect parameter, AEP (see Figure 1), 1. B. MacDonald," Post-Irradiation Annealing
has been developed by MacDonald.1 It is an Recovery of Commercial Pressure Vessel Steels,"
empirically developed relationship that has been pp. 972-78 in Effects of Radiation on
fitted to the ATTRES of A 302, grade B; A 533, Materials: Twelfth Intemational Symposium,
grade B plate materials; and A 533, grade B ASTM STP 670, ed. F. A. Gamer and
welds with a standard deviation of 11*C (20*F) on J. S. Perrin, American Society for Testing and
ATTRES. One of its features is that it can predict Materials, Philadelphia,1985.'
ATTRES rom the transition temperature shift duef
to irradiation and the irradation and annealing times
and temperatures. The MacDonald relationship 'Am in puw c e libranes.

Predicted vs Measured Post-onneoIing Shifts
Source: uccDonoid. ASTM STP 870

A77 = 122 - 117 of(AEP).*C$ 100 us

h ,gy, % ~ Fin' ' 08* #

o0
g' o oo o 10* ATT

i
, i

su,
*

$ P = T In ( 10'' t ). T in K, t an 2.

h o ooo o
y 50 o -

o
o 9o o[ 9

%p#3 Meterials: o o
j A302-8 oo ,o oy A533-0 o
% A533-welds o

* ' "^
o :

0.0 0.4 0.8 1.2 1.6

Anneoling Potometer AEP

Figure 1. Postanneal residual transition temperature shift versus annealing
effect parameter, AEP. Source: B. MacDonald, '' Post Irradiation
Annealing Recovery of Commercial Pressure Vessel Steels,"
pp. 972 78 in Effects of Radiation on Materials: Twelfth
International Symposium, ASTM STP 870, ed. F. A. Garner
and J. S. Perrin, American Society for Testing and Materials,
Philadelphia,1985.
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6. Irradiation Effects in a Commercial LUS We|d

D. E. McCabe, R. K. Nanstad, and R. L. Swain

CVA data, the RT DTs varied from-31 to 20 C,The primary objective of the Tenth irradiation N
Series is to investigate the postirradiation f racture suggesting higher inhomogeneity than that
toughness of the SAW from the Midland Unit 1 indicated by drop-weight tests. Upper-shelf
reactor vessel. A preliminary study to look at energies varied from 66 to 107 J (49 to 79 ft-lb).
homogeneity of chemistry and transition Chemical compositions were determined at every
temperature has been completed. Through- location where Charpy curves were determined.
thickness variation was determined at four locations Copper content within the beltline weld varied from
spaced at 90* intervals around the beltline and at 0.21 to 0.34 wt %. Copper content ranged from
two locations at 180* intervals around the nozzle 0.37 to 0.46 wt % in the nozzle weld. As a result
belt. Transition temperature was measured by of this preliminary survey, it was decided to treat
drop-weight NDT ard by CVN transition curve. NDT celtline and nozzle weld metals as two separate

varied from--40 to-60 C. RTNDT was detemnined materials. High variability of RT DTwas consideredN
by the CVN 68-J temperature -33#C (60 F). to be perceived weakness in the use of Charpy
There was no Ic'ation that had better than 68 J data to determine RTNDT-
(50 ft-lb) at NDT + 33*C (60 F). For 25 sets of

I
i
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7. Microstructural Analysis and Modeling |

R. E. Stoller, K. Farrell, and L. K. Mansur
l
!
IThe low-temperature embrittlement of the fenitic The time dependence of the point defect

steels used in the fabrication of LWR pressure concentrations at 60 and 285*C for a physically
vessels and support structures is believed to be a reasonable dislocation density of 1 x 1014 m-2 are
result of at least two mechanisms. The first is matrix compared in Figure 2 to highlight this point. The
hardening due to the formation of radiation- vacancy concentration reaches steady state after
induced obstacles that impede the motion of about 100 s at 285*C but not until after almost
dislocations, and the second is a non-hardening 30 years at 60 C. This result is particularly
form of embrittlement due to the segregation of significant for the conditions of the HFIR pressure
certain elements (e.g., P and S) to intemal vessel, since it means that the entire irradiation has
interf aces such as grain boundaries. The two been conducted with.n the point defect transient,

j
| primary defects suspected of causing the matrix regime. The very strong temperature dependence ;
'

hardening are fine precipitates and some sort of and long times observed below 300*C in Figure 2
point defect cluster. The study of radiation- indicate that models wnich invoke the assumption
induced or radiation-modified precipitation in these of steady state point defect concentrations to
steels has received considerable attention,1,2 but analyze low-temperature embrittlement data may
the point defect cluster component, also called the be suspect. Fairly modest differences in irradiation
* matrix defect," has been more difficult to temperature between different experiments could
characterize. confound data correlation, and even limited

temperature extrapolations in this domain need to
The modeling work initiated under this task was consider the potentialinfluence of the transient,
primarily intended to investigate this matrix defect.
Irradiation temperature and displacement rate were As a resu:t of these experimental and theoretical
identified as two key variables to be explored. The observations, it was determined that the
direction of the investigation was influenced by the assumption of steady state defect concentrations
unexpectedly high levels of embrittlement would not be used in the development of the
observed in the pressure vessel of the HFIR at subsequent model that was used to investigate
ORNL after irradiation at 60 C (ref. 3). The matrix defect hardening. The results obtained with

.

displacement rate was a potentially significant this model indicate that both interstitial- and
variable in explaining the HFIR vessel vacancy type clusters could contribute significantly
embrittlement; the temperature was sufficiently low to RPV and support structure embrittlement. The
to warrant an investigation of point defect transient relative importance of the two types of defects is
effects. Earler modeling and analysis of a low- determined by the irradiation temperature and
temperature creep experiment indicated that point displacement rate.
defect transient effects could be significant below
about 200 to 300*C (ref. 4). A dislocation barrier model has been used to

calculate the matrix hardening due to the interstitial
The general behavior of the kinetic model and vacancy clusters. As discussed by Bement,
developed for this work has been described in such models are typically derived from the theory
detail elsewhere.5.6 The initial use of the model developed by Orowan to describe hardening due
demonstrated that the LWR pressure vessel to precipitates 7 and involve a calculation of the
operating temperature of 288*C is near a threshold shear stress required to move a dislocation through
below which the use of the steady state analysis is an obstacle in its glide plane. An incremental
probably not appropriate. The fraction of point change in the yield stress can be related to this
defects that is lost due to matrix recombination was shear stress. In its simplest form, the change in the
used as a metric in this work. The influence of the shear stress, AT, can be written as;
displacement rate was also investigated in this
transient regime, and the dose rate dependence of at . Gb , (1)
the recombination fraction during the transient was ([
observed to be the inverse of that observed at
steady state. in which G is the shear modulus and b is the

magnitude of the Burgers vector.
The time required for the point defect

_

concentrations to reach steady state is determined The average barrier spacing, f ,is computed from
by the displacement rate and the sink structure.5.6 the number density (N) and the diameter (d) of the
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Figure 2. Time dependence of the point defect con-
centrations at 60 and 285 C for typical sink
strengths but without point defect clustering.

obstacles, [= (Nd)-1/2. The factor in Equation (1) rnodel is invoked for voids, the radus is ur,ed in
is a function of the barrier strength. For example, Equation (2) instead of the diameter and = 10.

= 1 for a periodic array of strong barriers, such as The calculated hardening due to voids is more
incoherent precipitates. The Taylor factor can be sensitive to the choice of barrier model than is the
used to convert the calculated shear stress to a case for loops. A model proposed by Weeks et al.9
change in the uniaxial yield strength, Aoy ~3.1 AT. leads to values that lie between these two cases.

The three void-hardening models are compared in
A number of potential values for the barrier Figure 4. The influence of the uncertainties related
strength term in Equation (1) are discussed in ref. to the various barrier models will be discused
7. Depending on the barrier rnodel chosen, the further below,
calculated hardening due to a specific type of
obstacle can vary by more than a factor of ten. For The major material and irradiation parameters used
example, if interstitial loops are assumed to be in these calculations are listed in Table 1. The
strong barriers, - 3 to 4 in the Orowan model- range of displacement rate values includes those
Alternately, a weak barrier model that incorporates characteristic of accelerated test reactor irradiations
Frieders effective barrier spacing gives: and power reactor surveillance and support

structure locations. Where possible, the values of
At = A CN2e (2) the material parameters represent best estimates

% obtained from the literature.10-12 For some
parameters, where it was difficult to determine a

with - 8 for body-centered-cubic materials. A "best" value, a range of values was used to
comparison of Equation (1) with p = 3 and determine the sensitivity of the calculations to
Equation (2) is shown in Figure 3. The results these parameters. Values for the parameters in the
shown in Figure 3 reflect loop densities of 1 x 1020 point defect clustering model were chosen to be
and 1 x 1022 m-3. The difference between the two consistent with the rnost recent molecular
rnodels is greater for smaller loops and for lower dynamics simulations.13.14 The microstructural

*

nurrt)er densities. The figure includes a sirnlar parameters such as the dislocation density and
comparison for voids. In the case of voids, = 1 in grain size were similarly varied within the range of
the Orowan (strong barrier) rnodel. If Frieders values found in the literature.15,16
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Table 1. Typical irradiation and material parameters

irradiation temperature ( C) 60 to 288
Displacement rate (dpals) 1.0 x 10-11 to 1.0 x 10-7
Cascade efficiency 0.1
Interstitial clustering fraction 0.0 to 0.6
Interstitial cluster binding energies (eV)

di, tri, and tetra interstitial 0.5,0.75, and 1.25
Vacancy clustering fraction 0.0 to 0.6
Vacancy cluster radius (nm) 0.25 to 1.0
Pre-exponential, interstitial diffusivity (m2/s) 5.0 x 10-6
Interstitial migration energy (eV) 0.25
Pre-exponential, vacancy diffusivity (m2 s) 5.0 x 10 5/
Vacancy migration energy (eV) 1.25
Vacancy formation energy (eV) 1.55
Lattice parameter (nm) 0.287
Recombination radius (nm) 0.574 to 1.15
Surface free energy (J/m2) 2.947 to 4.5 x 10-4*T(C)
Interstitial-dislocation capture efficiency 1.25
Vacancy-dislocation capture efficiency 1.00
Network dislocation density (m-2) 1.0 x 1011 to 1.0 x 1015
Effective grain size ( m) 10. to 1000

As discussed above, the predicted hardening range of 5 to 50 ksi(refs. 3,16-18b In addition,
will be strongly dependent on the assumed barrier a substantial component of the reported
strength, and it is not clear which barrier model is hardening is believed to be due to copper-rich
most appropriate for the small clusters that are precipitates 1.2.19 which are not ao ounted for
formed. Therefore, a simple Orowan-like model ws.s here. The use of one of the alternate barrier
used to calculate the hardening. Both the interstitial models discussed in Section 2.3 would lead to
loops and microvoids were assumed to be strong lower calculated hardening values. Reference to
baniers, with = 3 and = 1, respectively. This Figures 2 and 3 shows that the use of the softest
approach should be adequate for the purpose of barrier models (i.e., those based on Frieders
examining the potential degree of hardening that effective barrier spacing) would le W to negligible
these defect clusters could cause. hardening for the conditions shown in Figure 5.

The temperature dependence of the calculated However, the dose of 0.1 dpa used in Figure 5 is
hardening due to interstitial and vacancy clusters at higher than most RPV irradiation data, and this
a dose of 0.1 displacements per atom (dpa)is could be responsible for sorne of the apparent
shown in Figure 5. Results are included for both a discrepancy. The dose dependence of the
low and a high displacement rate. The higher point predicted hardening is shown in Figure 6, along
defect supersaturations that are obtained at lower with typical test reactor data and the HFIR
temperatures lead to much higher cluster densities surveillance data. The A5338 data shown in
and,in tum, greater hardening. More hardening is Figure 6(a) are for the HSST-02 plate, and the
predicted at the higher displacement rate for the A302 data are the A302 correlation monitor. Both
same reason. The hardening tends to saturate materials were irradiated in the University of Virginia
below 100 C and has a fairly steep temperature reactor in an experiment conducted by researchers
dependence at higher temperatures. Vacancy from the University of Califomia at Santa Barbara.16
clusters are responsible for more hardening than The HFIR data include archive materials that were
are interstitial clusters at a given temperature and irradiated in the Oak Ridge Research Reactor.3
damage rate. This is a reflection of the higher value Reasonable agreement is observed for the doses
of used for the interstitial clusters. and displacement rates at which there are data.

Some reduction in the barrier strength may be
The predicted hardening shown in Figure 5 appropriate, particularly for the microvoids, but
appears to be somewhat higher than what is there does not appear to be a rationale for invoking
experimentally observed, particularly at the lowest one of the very soft barrier models.
temperatures and highest damage rates. Reported
values of irradiation-induced changes in the yield Some interesting differences are observed
strength of RPV steels at 50 to 300 C are in the between the behavior of the two cluster types at
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285*C in Figure 6(a). The interstitial cluster be similar to that at 285 C if the calculations were
contribution increases at a rate that is proportional carried out to much higher doses.
to the square root of the dose untilit saturates.
The dose at which the embrittlement saturates is in order to better show the relative importance of
independent of the displacement rate, but the the two types of defect clusters, the ratio interstitial
saturation level is proportional to the square root of cluster hardening to vacancy cluster hardening is
the displacement rate. The hardening due to shown as a function of irradiation temperature and
vacancy clusters is also initially proportional to the displacement rate in Figures 7 and 8. Vacancy
square root of the dose, but the dose at which clusters are clearly more important at higher
saturation occurs is a function of the displacement temperatures and lower displacement rates,
rate. At 60 C, Figure 6(b) indicates that saturation However, both types of clusters can produce a
has not yet occurred at a dose of 0.1 dpa. This is significant amount of hardening. As mentioned
related to the low defect mobility that leads to the above, there is probably some justification for
long times required for the point defect reducing the barrier strength term for the vacancy
concentrations to reach steady state as shown in clusters. For example,if a value of = 2 was used
Figure 2. There is little displacement rate for the vacancy clusters, the hardening increment
dependence observed. Hardening due to vacancy from the interstitial clusters would be comparable to
clusters exhib.ts the square root dose or greater than that of the vacancy clusters for '

dependence, t;ut the dose dependence of the essentially all the conditions examined here. Thus,
interstitial clusters is initially higher. The interstitial it seems appropriate to investigate the behavior of
cluster hardening has a dose dependence of both cluster types in greater detail. Since the two
about 0.75 at the lowest doses in Figure 6(b) and defects will almost certainly behave differently
then undergoes a transition to square root under thermal annealing, this investigation may be
dependence. The hardening curves appear to be necessary to understand the postirradiation
diverging at 0.1 dpa, and the behavior is likely to annealing behavior of ferritic steels.
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The duration of the point defect transient may not dependencies on displacement rate and dose
be significant at the highest RPV operating and to investigate the sensitivity of the model to
temperatures, but these calculations clearly show variations in critical material parameters. Both the
that the transient needs to be considered at lower interstitial and interstitial clustering models require
temperatures. However, some caution may be some further development to ensure that they are
required in the use and interpretation experiments numerically well behaved for all the temperature
conducted in test reactors, even at temperatures and irradiation conditions of potentialinterest. The
approaching 288 C. Test reactors typically have choice of the barrier strength terms used in
duty cycles in which the reactor operates for only Equations 1 and 2 needs additional attention
several hours to a few ces between shutdowns, because of their key role in converting defect
Because of these freque t startups, experiments cluster densities to yield strength changes. The
may be conducted mostly or entirely within the range of uncertainty in these terms must be
point defect transient, even at temperatures where reduced to permit a determination of the relative
the in-service component operates long enough importance of defect clusters and precipitates in
for the point defects to be at steady state for most irradiation hardening. Since the computing times
of its lifetime. Temperature and flux transients required for the current model are already rather
associated with reactor startup have been shown to long, some attention must be given to improving

|influence the microstructure that evolves in the efficiency of the calculations as more detailis
elevated-temperatureirradiation.20 For incorporated. Finally, a version of the computer
components such as the HFIR pressure vessel or code will be developed to simulate interrupted
LWR support structures that operate at irradiations and thermal annealing because of some
temperatures below 100*C, the point defect of the concems that were discussed above. ,

transient may exceed the operating lifetime. These '

components and experiments operating in this Referencestemperature range can not be analyzed on the
basis of the 3teady state theory.

1. G. R. Odette, Scr. Metall. 17,1183 88

The time-dependent model has been used to
) investigate the potential contribution of interstitial 2. G. E. Lucas, G. R. Odette, P. M. Lombrozo,and vacancy clusters to radiation-induced'

and J. W. Sheckherd, " Effects of Composition,
hardening of the ferritic steels. Although there is Microstructure, and Temperature on irradiation

| some uncertainty in determining the strength of Hardening of Pressure Vessel Steels,"
| these clusters as barriers to dislocation motion, the pp,900 930 in Effects of Radiation on Materials,
| results indicate that both cluster types could ASTM STP 670, ed. F. A. Garner and J. S. Perrin,

induce similar levels of hardening. Using only the Amencan Society of Testing and Materials,
simplest barrier rnodel, the calculated hardening is Philadelphia,1985.
comparable to that observed experimentally.

I Since this work has not included any hardening 3. R. D. Chevenon, J. G. Merkle, and
contnbution from radiation-induced precipitates, it R. K. Nanstad, Oak Ridge Natl. Lab., Oak Ridge,appears that the cluster contribution obtained from Tenn., Evaluation of HFIR Pressure Vessel
the model is probably somewhat too large- Integrity Considering Radiation Errbn'ttlement,However, it seems reasonable to conclude that ORN!JTM-10444,1988.*
these clusters play an important role in hardening
and that they may be responsible for greater 4. R. E. Stoller, M. L. Grossbeck, and
hardening than the cupper-rich precipitates for L. K. Mansur, "A Theoretical Model of
some conditions of dose, displacement rate, and Accelerated Irradiation Creep at Low Temperatures
temperature. An understanding of their behavior by Transient Interstitial Absorption,"in Effects of
under thermal annealing may be particulattf Radiation on Materials: 15th Conference ASTM
important for interpreting postirradiation annealing STP f125, ed. R. E. Stoller, A. S. Kumar, and
studies and for predicting errbnttlement under D. S. Gelles, American Society of Testing and
subsequent reirradiation. Materials, Philadelphia,1992.

While many of the trends shown in Figures 5 5. R. E. Stoller and L. K. Mansur, "The
through 8 can be understood in terms of the influence of Displacement Rate on Damage
various reactions between the point defect and the accumulation in irradiated Materials," pp. 52-67 in

j cluster populations, some of the details are not yet Radiation Materials Science, Proceedings of
'

fully understood. Further work is under way to Intemational Conference, Ukrainian Academy of
develop an explanation for all the observed Sciences, Kharkov, U.S.S.R.,1990.t
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' Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Research Institute, Palo Aho, Calif., Irradation ;'

| Tenn., ModeEng the Intkence of Irradiation Enbnttlement of LWR Pressure Vessel Steels,
'

y Tstriperature and Displacement Rate on Radiathn- EPRI NP-6114,1989.
i induced Hardening in Ferntic Steels, USNRC

Report NUREG/CR 5859 (ORNtJTM-12073), July 17. R. K. Nanstad, K. Farrel, D. N. Braski, and
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; 7. A. L. Bement, Jr., " Fundamental Materials 18. G. E. Lucas, G. R. Odette, R. N. Maiti, and ;
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.
'
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8. Not used. . Philadelphia,1987. J*

. ,

9. R. W. Weeks, S. R. Pati, M. F. Ashby, and 19. G. R. Odette and C. K. Sheeks, *A Model for ;

P. Barrand, Acta Metal 17,1403-10 (1969).t . Displacement Cascade Induced Microvoid and . !

Precipitate Formation in Dilute iron-Copper Alloys,"
10. Interfacial Phenomena in Metals and Alloys, pp. 415-36 in Phase Stabilty Dunng irradiation,
L. E. Murr, Addison-Wesley, Reading, Mass., ed. J. R. Holland, L. K. Mansur, and D. l. ,.

t
1975.t Potter, The Metallurgical Somety of AIME, -

Warrendale Pa.,- 1981.
t

11. H. E. Schaefer, K. Maier, M. Weller -
D. Herlach, H. Seeger, and J. Diehl, Scr. Metal 20 . M. Kiritani, T. Yoshiie, S. Kojima, Y. Satoh, ;

11, 803-9 (1977).t and K. Hamada, J. Nucl. Mater. 174, 327-51 !

(1990).1
12. G. Hotbch, H. Mehrer, and K. Maier, Scr.
Metall. 11, 795-802 (1977),t .

i^*** W N E"*13. T. Diaz de la Rubia and M. W. Guinan, J. Muct.
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8. in-Service Aged Material Evaluations

R. K. Nanstad

The overall objective of this task is to assess the with remote machining capabilities for the
service-induced degradation of fracture resistance fabncation of specimens from samples of activated
through examination of components exposed steel obtained from service-exposed components.
during in-nuclear-plant operation. The initial focus There was no significant actwity in this task during
of this task is to augment the existin0 hoteE this reporting period.
1: sting capahitty avadable to the HSSI Program
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9. Correlation Monitor MaterialsL

W. R. Corwin

This is a new task that has been established with 02, and 03, this task will provide for cataloging,
tne explicit purpose of ensuring the continued archiving, and distributing the material on behalf of i

availability of the pedgreed and extremely well- the NRC. The initial activities to be performed in |
characterized material now required for inclusion in this task will be to identify existing material and '

all addmonal and future surveillance capsules in - records in preparation of establishing a storage, ]
commercial LWRs. Having recognized that the only monitoring, and disbursement facility. During this

'

remaining materials qualified for use as a correlation reporting period, a detailed inventory of all
rnonitor in reactor surveillance capsules are the remaining correlation monitor material was begun.
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'

j

!
e

)

,

i

!

!
!

.

:

I

;

I

f
P

t

t

.

;

.

I

,

i
t

i

19 NUREG/CR-5591

-

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



10. Special Technical Assistance

J. V. Pace and W. R. Corwin

|

This task was established dunng the current discovered that using only one thermal group with
reporting period to explicitly emphasize and no upscatter would not meet the needed criteria for
provide performance and financial monitoring of reproducing the results with multiple, fine thermal
various analytical and experimentalinvestigations energy groups. Therefore, a cross-section set
conducted 'o support the NRC in resolving short- with a minimal nurnber of upscatter Groups was
term, high-priority regulatory and research issues. generated. The final set had 64 total groups with

| The current activity being performed as part of this 12 thermal upscatter groups. The next stage was
task is to provide three-dimensional (3-D) neutron to run the two-dimensional (2-D) calculations to

I

transport calculations for various surveillance obtain the directional fluxes. This was done in
speamen locations within the vessel of the HFIR at three steps: (1) run one iteration to obtain the fast
ORNL to allow a better evaluation of the modified groups (2) run severaliterations to obtain the
dpa exposure parameter being evaluated by the thermal groups, and (3) run one last iteration to
NRC. obtain all the directional fluxes. The directional 4

fluxes are processed through three pre-processor
During this reporting penod, work was iritiated with codes to place them in the proper format for the
the gathering of needed cross-section codes, 3-D code. A 2-D calculation was made with the
setting up of the one-dimensional model of the DORT code. Selected fluxes from that run have

| HFIR, and checking input data. Updated nuclear been compared with fluxes from the previous
cross sections were transferred to the K-25 Cray calculations made several years ago. Curnulative
Computer in preparation for the 3-D calculations scalar fluxes calculated previously are 15 to 25%
required to accurately obtain thermal and f ast higher than those from the current HFIR modal
neutron exposure information for the surveillance Additionally, the previous fluxes were 20% lower
results from the HFIR. After completing the first set than the experimental values. This effort will be
of cross-section reduction calculations, it was continued through the next reporting period.
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