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Abstnict

The influence of irradiation ternperature and ie long enough to influence the interpretation of
displacement rate have been investigated using a irradiation experiments done in rnaterials test
model based on the reaction rate theory description reactors at accelerated damage rates.
of radiation damage. This theory was developed
primarily for the investigation of tclatively high. liased on the insights obtained with the simple
temperature, high. dose radiation effects such as void models of point defect evolution, a more detailed
swelling and irradiation creep. liefore applying that model was developed that incorporates an explicit *

theory to the much lower temperature and dose description of point defect clustering. These clusters
regimes characteristic of light water reactor pressute are potentially responsible for the fraction of the
vesseh and support structures,it h necewary to radiation. induced hardening that h attributed to the
examine _ the anumptions made in formulating the so-called * matrix defect.' The model considers both
theory. The major simplifying awumption that has interstitial and vacancy clustering 1he former are
commonly been made h that the interstitial and treated as Frank loops while the later are treated as
vacomcy concentrations _ reach a quasi. steady state microvolds. The point defect clusters can be formed
condition rapidly enough that the steady state either directly in the displacement cascade or by
concentrations can be used in calculating the diffusive encoun_ters between free point dcIects. The
observable radiation effects. The results presented results of molecular dynamics simulation studies are
here indleate that the assumption of steady state used to provide guidance for the clustering

1

point defect concentrations is not valid for parameters. The hardening due to point defect
temperatures much below the light water reactor clusters was calculated using a simple dislocation
pressure vessel openting temperature of about barrier model. The results indicate that both
2WC. At lower temperatures, the time required interstitial and vacancy clusters can give rise to
for the point defect concentrations to reach steady significant hardening. The relative importance of
state can exceed an operating reactor's lifetime. each cluster type is shown to be a function of
Even at 2WC, the point defect transient time can irradiation temperature and displacement rate.

{
,
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Foreword

The work rep >rted here was perfortned at the Program. Previous llSST teports related to
Oak Ridge National Laboratory (ORNL) under the irradiation effects in presure vessel materials and
licavy Section Steel Irradiation (llSSI) Program, those containing unitradiated properties of materials
W. R. Onwin, Program Manager. The program is used in llSSI and 11SST frradiation programs are
symmted by the Office of Nucicar Regulatory tabulated below as a convenierice to the reader.
RLearch of the U.S. Nuclear Regulatory
Commisdon (NRC). The technicel monitor for the C. IL Childress, Union Carbide Corp. Nuclear Div., 1

NRC is E. M. llackett. Oak Ridge Natl. bb., Oak Ridge, Tenn., Fabrication |
Hinory of the First Two 12 in. Thkk A 533 G~ade h

This report is dea.lgnated ilSSI Report 5. Reports in Clats 1 Steel Plates of the liraiy Section SIcel
this series are listed below: Technology hogram ORNL-4313. February 1969.

I agn and R a nomas, Wesunghouw ;1. F. M. llaggag, W. R. Corwin, and
R. K. Nanstad, Martin Malletta Energy Systems' cets Corpmadon, m Spems Mon.

Pittsburgh, Pa., Evaluation by Lincar Elastic FractureInc., Oak Ridge Natt. lab., Oak Ridge, Tenn.,
Irradiation Effcces on Strength and Toughness of Muhania of Radiation Damagc to Neuurc Wnel

Stals, CA %.), Octobu WN.
lhrer II' ire Scrics Arc Stairtless Sicci 14*cid ;,

Owrlay Cladding, NUREO|CR 5511
(ORNLflMll439). February 19'XL N. Randall, TRW Systems Group, Redondo

Beach, Calif., Gross Strain Measure of Fracture

2. L F. Miller, C A. Baldwin, F. W. Stallman, and Toughness of Stuls, llSSTP.TR.3, Nov.1,1969

I'. D. K. Kam, Martin Marietta Energy Systems,
L , leechel, Martin Marietta Corporation,Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn.,

,

Neutron Esposurc Parameters for the Metallurgi- Denver, Cola, The Ej]at of Taung Variabla on the

cal Test Specinens in the Sirth Heasv Section Transin'on Temperature m Stect, MCR-64189,

Steelirradiation Series, NUREGIClb5409 N"*'*h" ?O'
(ORN!/rM 11267), March 1990.

W, O. Shabbits, W,11. Ptyle, and E. 'I. Wessel,

3. S. K. Iskander, W. R. Corwin, and Wesunghouse Electric Corporation, PWR Sptems

, R. K. Nanstad, Martin Marietta Energy Systems, Division, Pit sburgh, Pa., Heasy Section Fracture

| Inc., Oak Ridge Natl. Lah., Oak Ridge, Tenn., Tou@nen Pwpcrties of A333 Grade B Class 1 Srcel

| Results of Crack Arrest Tests on Two Irradiated
Plate and Submerged Arc It'eldment WCAP-7414,
O'''*h" # #*'

liigh Copper ll' elds, NUREO!CR.5584
(ORNI/TM ll575), December IMR

C E. Childress, Union Carbide Corp. Nuclear Div.,

4. R. K. Nanstad and R. O, berggren, Martin Oak Ridge Natl.12b., Oak Ridge, Tenn., Fabrication

- Marietta Energy Systems, Inc., Oak Ridge Natl. Hisuiry of the Nrd and Fourth ASTM A.533 Steel

Lab., Oak idg,c, Tenn.,ltradiation Effects on Plata of the Hensy Sarion Stal Tahnolm hogram,R
; Charpy impact and Tensile Properties of Low ORNL 4313 2, February 1970.

Upper Shelf li'cids, HSSI Senes 2 and 3,
NUREGICR 56% (ORNI/FM Il8N), August P. B. Crosley and E. J. Ripling, Materials Research

39,g Laboratory, Inc., Glenwood,111., Crack Arrat fracture
Toughness of A533 Grade B Class I hessure l'essel
Stul, HSSTP-TR 8, March 1970.

5. This report.

F. J. Loss, Naval Research Laboratory, Washington,
The iISSI Program includes both follow-on und the D.C.,lynamic Tear Tnt investigations of the Fracture
direct continuation of work that was performed Toughness of Thick Section Stect, NRL 7056, May 14,
under the IIcavy Section Steel Technology (HSST) 1970.

it NUREG/CR 5859

_ ~. ._ _...- _ . - _ _ _ _ . ._ _ _ _ ._ _._._ . . _ . _ - _. _.. _ . _ . _



_ _ _ _ _ _ .

T. R. Mager, Westinrhouse Electric Corporanon, C. L Segaser, Union Carbide Corp. Nutkar Div.,
PWR Systems Dhision, Pittsburgh, Pa., Tom Oak klJge Nati.12h., Oak Ridge, Tenn, frasibihty
inaduaron Testmg of 2T compact Trnswn Specimens. Study. Irradnation of flcmy-Srctwn Stal Specimens in

WCAY ?561, August 1970. the South Trst racihty of the Oak Ridgc Rcscarch
Rea< tur, ORNI/FM.334, May 1971.

F. J. Witt and R. O. llerggren, Uruon Carbide Corp
Nuticat Div., Oak Ridge Natl.125., Oak Ridge, 11. T. Corten and R. H. Sailors, University of Illinois,

Tenn,, Size Effects and Encrgy hoposition in impm t Urbana,111., Rclatiornhip Bctn cen Afarcrial Tracture

Spramen Totmg of AS7'At A533 Grude B sinI. Toughncss Usmg Fracture Atahanics and Transition

ORN!/fM 3030, August 1970. Trinpcrature Tc3ts, TA AM Report 346, August 1,
1971.

D. A. Canonico, Union Cartode Corp. Nuclear Dh.,
Oak Ridge Natt. Lab., Oak 'tidge, Tenn., Tranutuen L A. James and J. A. Williams, llanford Eng. Dev.

Tempcrature Considerations for 1 hick.ll'all Nuclear lab., Richland, Wash., ficasy Section Sicci Technolog
l>cuute l'essels, ORNllYM 311 t, October 1970. Program Tahnical Report No. 21, The Effect of Tenver.

ature and Neutron inadiation Upon the Fatigue. Crack

'I'. R. Mager, Westinghouse Electric Corporation, Propagation Bchasior of ASTAf A533 Grade B,
PWR Systems Division, Pittsburgh, Pa., Iracture Cle Sicci, llEDL TME 72132, September 1972.
Toughnen Characten:ation Study of A533, Grade B.
Class / Stcc/, WCAP 7578, October 1970. P. H Crosley and li J. Ripling, Materiah Research

Laboratory, Inc., Glenwood,111., Crack Ancsf in an
W. O. Shabbits, Westinghouse Electric Corporation, increasing LFic/d, ilSSTP/FR 27 January 1973.
PWR Systems Division, Pittsburgh, Pa., lAnamic
Tracture Toughness l>opertses ofIlcasy Scction A533 W. J. Steliman und R. G. Derygren, Union Catbide

Grade B Clast / Ster / Plate WCAP 7623 Desembcr Corp. Nuclear Div., Oak Ridge Natt. Lab ,
1970. Oak Ridge, Tenn., Radiation Strengthening and

Embntricmint in licasy Scction Sicci Platcs and it'cids,
C. E. Children, Union Cttbide Corp. Nuclear Div., ORNL-4871, June 1973.

Oak Ridge Natt. Lab., Oak Ridge, Tenn., Fabrication
Itocedures and Aucptance Data for ASTAf A-533 J. M. Steichen and J. A. Williams, llantord Eng. Dev.

It'cids and a 10-ins 7 hick ASTAf A 513 Plate of the lab , Richland, Wash.,liigh Strain Rate Tensile

ficasy Scaion Stect Technolog Program, />vpenics ofinadiated ASTAf A533 Grade B Class 1
ORNL TM-4313-3, January 1971. Prcs3 arc l'es3cl Sicci, HEDL TME 73 74, July 1973.

D. A. Canonico and R. G. Berggren, Union Carbide J. A. Wilhams, llanford Eng. Dev. Lab., Richland,

Cotp. Nuclear Div., Oak Ridge Natl.12b.. Wash., lhe Irradiation and Temperature Depcndence

Oak Ridge, Tenn., Tensde and Impact hoperties of of Tensile and Fraaure hopertics of ASTAf A533,
Thick Scction Plate and it'cidments, ORN1HM 3211, GraJc B, Class 1 Stect Plate and li'cidment,

January 1971. IlEDL-TME 73-75, August 1973.

C. W, ilunter and J. A. Williams, llanford Eng. Dev. J. A. Williams, Hanford Eng. Dev, Utb., Richland,
12b., Richland, Wash., Frauure and Tensile Behavior Wash., Some Comments Related to the Effect of Rate

of Neutron Inadiated A333-B l><ssurc l'essel Sicci, on the Frauure Toughncss ofirradiated ASTAf A553 B
i1EDL.TME 7176. Februan 6,1471. .4cci Based on Yleid Strength Behavior,
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C. E. Childres. 1 - Q: bide Corp. Nuclear Div.,
Oak Ridge Natl. 2s... f td. Ridge, Ter.n., Afanualfor J. A. Williams, Hanford Eng. Dev Lab., Richland,

AST31 A533 Grade B Class i Stect (llSST Plate 03) Wash., The Irradiated Tracture Toughnen of ASTAf

Procided to the International Atomic Energ Agemy, A333, Grade B. Class 1 Secci Afcasured with a Four-
ORNllTM 3143, March 1971. Inch-7 hick Compact Tension Specimen,

HEDL-TME 7510, January 1975.
P. N. Randall, TRW Systems Group, Redondo ;

Beach, Cali, Gross Strain Crack 7blerance of A533- J. G. Merkle, G. D. Whitman, and R. H. Bryan, I
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|
' Nomenclature
!
|

a, lattlec parameter

b inagnitude of Burgers vector

d, prain diameter

fo fraction of cascade interstitial that collapse into clusters

fa traction of cascade vacancies that cotlapse into clusters

r[, combinatorial number for interstitials or vacancies diffusing 1.3 a cluster of site j

|_ C, atomic contentration of inteistitials or vacancies
t

C, atomic concentration of interstitial cluster with j interstitials

C; - thermal equilibrium atomic vacancy concentration

D, diffusivity of interstitials or vacancies

E{ rate constant for interstitial emission from an interstitial cluster of stie j

'

E'| binding energy of an interstitial to an interstitial cluster of site j

G shear modulus

G, atomic displacement rate

G interstitial or vuony generation rateu

1 -R recombination coefficient

S|, sink strength of type-k extended defect for interstitials or vacancies

Zd dislocation capture efficiency for interstitials or vacanciest, _

.

! Zd interstitial cluster capture efficiency for interstitials or vacancies

pf, - - rate constant for interstitial or vacancies impingement on a cluster of si/c j - - .

q cascade efficiency

y. surface energy

p, dislocation density.

O atomic volume
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<

Modeling the influence Of Irradiation Temperature and Displacement llate Oni

Itadiation-induced Ilardening in I?ctritic Steels *

1

11,11 Stoller '

IntTOduction as swelling on the total dose or the displacement rate
(hiamur,1978) (Stoller and hiamur,1990). 1

Neutron irradiation gives the to a number of The work dhcussed here was undertaken to
phenomena thy have been extemively studied. Investigate the radiation-induced * matrix defect" that
These includt sold swelling, irradiation creep, solute is believed to contribute to hardening and
segregation, and ernbrittlement, in many cases, the embrittlement in the ferritic slech used for light
observed property change can be correlated with the water reactor (LWR) companents. Irradiation
radiation induced or radiation-enhanced micro- temperature and displacemert rate were identified as
structural evolution that has occurred and a number two key variables to be explored. The direction of
of models have been developed to investigate and the investigation was influenced by two recent
describe thh rnicrostructural evolution (Brailsford observations of greater than expected leveh of
and Bullough,1981) (Druce,1990) (Lucas et al., radiation damage accumulation following low
1985) (hiamur,1978) (hiansur,1979) (Odette,1983) temperature neutron irradiation in one case, high
(Stoller and Odette,1982) (Stoller and Odette, levels of irradiation creep were obst tved in several
1987a) (Stoller and Odette,1987b) (Wolfer et al., austenitic and ferriut alloys after irradiation at
1977). The reaction rate theory is most commonly temperatures below 300'C (Grossbeck et al.,1990),
used in f 5ese models. This theoretical description of The second case involved the pressure vessel of tbc
radiation damage ha$ been most successfully applied fligh flux Isotope Reactor (liFIR) at the Oak Ridge
to void swelling and irradiation creep (Brailsford and National laboratory (ORNL), where accelerated
Bullough,1981) (Mansur,1978) (Mamur,1979) embrittlement was observed after irradiation at 50*C
(Stoller and Odette,1982) (Stoller and Odette, (Nanstad et al.,1988). The displacement rate wm a
1987a) (Stoller and Odette,1987b) (Wolfer et al., potentially significant variable in both of these cases
1977). Such work has generally been c<mccrned with and the irradiation temperatures were sufficiently low
irradiation conditions of relatively high doses [>l to warrant an investigation of point defect tramient
displacement per atom (dpa)] and temperatures effects. Subsequent modeling and analysis of the
(T>300*C). In this regime, the vacancies and low temperature creep experiment indicated that the
interstitials rapidly come into equilibrium with the high creep rates could be attributed to the influence
microstructure and it is safe to assume that the point of the point defect transient (Stoller et al.,1992),
defect concentrations are at their steady state values.
The steady sitte regime has been thoroughly Therefore, a simple model was used to first conduct
explored and,in certain limiting cases, analytteal a detailed numerical analysis of the time (dose)
solutions to the rate equations have been obtalked dependence of the point defect concentrations for
that describe the dependence of a phenomenon such irradiation conditions characteristic of LWR pressure

vessels and support structures. The fraction of point
dtfects that are lost due to matrix recombination

- reactions was used as anoth;r metric for evaluating
'Rewatch ensored by the Ornce or Nuc! car Regulatory ght,Irtfluence cf the point defeu transient. The.

Rewarch, Divisn of Engineering. U,S. Nuclear Regulatory
results showei that the reactor Iressure vesselCommission ender loleragency Agrwment DOL! IW,41P'his

with the U.S. Depanment of Uncrgy under contract dis ACQ,, operatirig temperature of 288*C k near a threshold
Mon:1400 with Marim Marietta Energy Systems, toe. below whkh the use of the steady state analysis is^

,
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probably not appropriate (Stoller and Mansur, Model Used to Investigate Point Defect
1990) He influence of the displacement late was Transient Elfects

-also investigated in this transient regime he dose
rate dependence of the recombination fraction

The equations describing the spatially averaged pointdurm, g the transient was obwrved to be the inverse
defect concentrations can be written as:

of that observed at steady state.

dC'
As a result of these experimental and theoretical - - G, - RC,C, - D,C,S,, (1) i

d'observations,it was determined that the assumption
of steady state defect concentrations would not be
used in the development of the subsequent model j
that was used to investigate rnatrix dcrect hardening' for the interstitial concer, ration, C,, and%c trodci is descnbed in detail below. ,The results
obtained with this modci indicate that both inter-

- stitial and vacancy type clusters could contribute dC
significantly to reactor pressure vessel (RPV) and - ? = G, - RC,C, - D,Cf,y (2) ;

d# '

support structure embrittlement. He relative
importance of the two types of defects is determined

. by the irradiation temperature and displacement
L rate. Finally,it is worth noting that the importance

W the vacancy concentration, C,. He constants in
of the point d(fect transient was discussed in Equations (1) and (2) are: G,, the interstitial
another context many years ago (Sharp and generation rate; Gj the vacancy generation rate; R,
Foreman,1968), but computing limitations k ombination rate coefficient; D, the interstitial
prevented mote analysis at that time. It remained gg; g g g; g 3'y
impractical to try to carry out the type of

, are the total sink strengths of all the extended
calculations discussed here until vastly improved defects in the material. Rese can include 6s-
computers became generally available over about the locations, grain boundaries and other interfaces, andi

last five to ten years. the interstitial and vacanty clusters dise"ssed below.
in the general case, the interstitial arl vacancy. . , ,

DeScripi.lOn Of POlnt Defect Kineties gencration rates should include the displacement
and Tlicoretical MOdels raie, o , and the point derects produced by thermal

emission from extended defects. in addition, the dpa
rate should be reduced by the cascade efficiency, y,

A basic description of point delect kinetics and the m amont for inowa@ remmNnadon; aM a tenn
reaction rate theory will be given in this section. I" ' "" " I" "I I" *'" 'I"'I "E '"#"""' I

and Kan, M Enp'dMore details about the theory can be found in an ( atreferences such as Brailsford,1981 and Mansur,
et al, W En@ et at, W h & la Ma

19~8. The specific models used here build on earlier nd Guinan,1% Dus We net Mnt Men
research that is described in detail in Stoller and genera n rates are ghen anOdette,1982; Stoller and Odette,1987a; Stoller and
Odette,1987b; and Stoller et al.,1992. Dat work

' U W ~ I.wl) + O bj g'j" O}d de einvestigated radiation effects at much higher d.'

temperatures and therefore applied the assumption ,

of steady state point defect concentrations. Some
'

details of the models, such as the calculation of the
where the SJ are the point defect sink strengths for

.

extended cefect sink strengths (Brailsford and estended defects of type j and the C,) are the point

treated'gh,1981 and Stoller and Odette,1982), are
13ullou defect concennanons in equ um with these

similarly in both cases, defects. The interstitial formation energy is
sufficiently high that the C/ can be neglected in

|

|

|
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practice and even vacancy emission is small at the
temperatures of interest to this work. The model 6S,r ($)
does auume that interstitial emission can occur from S*r d

- small interstitial clusters, but discuulon of the point 8

defect clustering inodel will be deferred to the next
section. The point defect clustering fractions were where S/ is the total vacancy sink strength of all the

- set to rero for the initial purpose of clucidating the other sinks. The use of Equation (5) Ignores the fact
effects of the point defect transient, that the total system sink strength for !aterstitiah is

different from that for vacancies and that this would
The inicrostructure of unittadiated pressure vessel lead to the grain boundary interstitial sink strength
steels is -/tc compicx, including dislocations and a- being slightly different from the grain boundary
variety of precipitates and interfaces that form vacang sink strength (11railsford and Ilullough,
during heat treating. These interfaces can include 1981). This differt.uce is negligible for the work
the prior austenite grain boundaries, ferrite bainite discuued here. Equations (4) and (5) lead to the
boundaries, and bainite-bainite packet boundaries, total sink strength that is used in Equations (1)

'-

Such extended defects can act as both sources of and and (2),
sinks for point defects in these materials. While it h
not possible to model this microstructure in great (g

Sy 4 S}'detail, experience with void swelling and creep S { , Sj 4 S 4
8indicates that modek th91 incorporate a modest level

of microstructural information can achieve a very
successful simulation of radiation damage (llrailsford
and llullough,1981; hiamur,1978; hiansur,1979 The interstitial (Sf) and vacancy (Sf) cluster sink
Stoller et al.,1992; Stoller and Odette,1982; Stoller strengths in Equation (6) will be given below. Both
and Odette,1987a; and Stoller and Odette,1987b, the dislocatiom and the grain boundaries n
Wolfer et al.,1977)J In the present work, the sink assumed to be in thermal equilibrium, so that the Cf
structure includes the dislocation network; a single, and C/ terms needed for Equation (3) are set equal
effective grain site to account for the various to the equi!ibrium vacancy concentration, C/.
boundaries; and the radiation induced point defect
clusters. Both the grain slie and dislocation density
are assumed to rernain unchanged during irradiation Description of Point Defect Clusicting
(Van Duysen et al.,1992). Model

The sink strengths of the extended defects are Recent advances in the use of molecular dynamics
calculated only to lowest order (Braibford and (hlD) simulations have provided more insight into

'

Bullough,1981; Stoller and Odetic,1982). In this the detaih of primary defect production (English
case, the dislocation sink strength for interstitials et al.,1990; English et al.,1992; Diaz de la Rubia

- and vacancies is and Guinan,1990; and Diaz de la Rubia and Guinan,
1992). Two observations from the hiD work are
particularly relevant to this study. First, only a
fraction of the initially produced atomicS*# = Z"#pd
displacements sunive in cascade recombination that
occurs from about I to 10 ps after tin cascade is
created. This is reflected in the cascade :fficiency

where ps is the dislocation density (m ) and the Kj term used in Equations (1) and (2). S.ond, a large2
_

are the point defect capture efficiencies. The grain fraction of the suniving defects are found in clusters,

boundary sink strength is a functica of both the rather than as individual defects. This is accounted

grain diameter, d,, and the other sinks in the system, for by the in cascade clustering fractions in these
same equa' ions. Both the cascade efficiency

3 NUREG/CR-5859
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and the clustering fractions are dependent on the
energy of the primary knock-on atom (PKA) that d

dc* a/-._ . n f' . p 'c, 4 p',c, - (p> pp E|p,creates the cascade, in principle, soine spectrally
d' 4

averaged value of these parameters could N
coinputed for a given material and neutron energy
spectrum. The values used in these simulations do
not represent such an average, but they are for tetra interstitials, and

consistent with the MD results.

N
While both interstitial and vacang clustering are $ . p' s c,q . pf" c, (pg ofp,,

treated in the model, more detail has been included dr

in the interstitial component to date. Interstitial
clusters with slics up to a tetra. interstitial can form
directly in the ;;aseade, or essentially classical for interstitial chSicts from site five up to the
interstitial cluster nucleation can occur due to maximum. The rate constat,% for interstitial and

random collisions between diffusing defects. The vacancy impingement on an interstillal cluster of size
in cascade cluster fraction, fu,is the sum of three j enn be written as:
cornponents: the fraction forming di- (fj), tri- (fj),
and tetra Interstitials (fj). Larger interstitial

:[, U .,C .,chisters are observed in MD simulations (English (it)
et al.,1990; Englhh et al.,1992; Diaz de la Rubia Efv' 7 s s

i

and Guinan,1992) but the model does not currently a,

almulate their formation.

The evolution of the interstitial cluster population is and the rate constant for interstitial emission from a
given by a family of equatiens describing the cluster of sl/c j is:

'

reactions between immobile clusters and mobile
point defects. ,

D- -E'# (12)
E| = ! exp

t * kT '
j = Wp /j + py + (p>E|)C -(phphE|)C,
dC c- 8*

3

(7)

where E[ is the binding energy of an interstitial to a
cluster of site j and a,is the lattice parameter,
Other calculations indicate that interstitial emission

for di interstitials, from clusters larger than the tetra interstitial would
be negligible at the temperatures of interest here
(Ingle et al.,1981). Therefore, such emission is

dc - neglected in this work.
j * We/g7 + $ C + (EbE[)C. - (pbebE[)C3 3

The 7)in Equation (11) are combinatorial number .
P) determined by the number of adjacent atomic sites

from which an interstitial or vacancy can jump onto
an interstitial cluster of size J. De combinatorial-
numbers can be computed for single defects and

for til interstitials, small clusters (Beeler, Jr. and Johnson,1%7; ,

Johnson,1979; Leffers and Singh,1981), but it is
difficult to determine these values for large clusters.

NUlmG/CR-5859 4

-, ,. , - , , . - . . , . . . - . a. -- - . . . .. -.-.- - -. . . . _ _ - - - - . -



A continuum approach is 13pically used to' describe
point defect absorption by larger clusters, where an g"' , g"' b 09

= appropriate diffusion problem is solwd_ to calculate On,
-- a capture efficiency for the cluster (Wolfer and

Ashkin,1975) and this is useet tu compute the rate
of [oint defect absorption, in this work, the
interstitial clusters were assumed to be planar n, = b rd,
defects, i.e., dishwation kops, and the continuun, 30

.

rate constants analogous to Equation i() are:

For the irradiation conditions of interest here, these
2
%(/) p ' g ' 7|+' (j) microvoids are generally unstable and shrink at a rate(13)

,

O L 8 determined by the relevant point defect fluxes,'

"I 1- (D"C'-D,C,-D,C'"')
~

-
#where ri(j) and 7,'(j) are the radius and capture dr r4 g

D cfficiency of a hmp comprised of j interstitials and 0
is the atomic volume. By equating equations (11)
and (13), an effective capture efficiency was
calculated. This calculation was donc subject to two where C d is the vacancy concentration in
constraints. The first was that the interstitial and equilibrium with tL., microvoid.
vacancy capture efficiencies for large loops should
asymptotically approach the values used for the

g'wl , g', exp ,2y0, Mdislocation network. The second constraint was that
the calculated capture efficiency for a single ' JTr

'Interstitial st. auld be the same as that determined by
the atomistic, combinatorial method. With this
approach, the only combinatorial numbers needed
are those for a single interstitial or vacancy in which y is th u. .cc free energy and C/ is the
combining with an interstitial. Based on earlier thermal equihu,oc .acancy concentration. The

Lexperience (Stoller and Odette,1987b) and values in- mean vacancy cluster lifetime, tu, is obtained by
the literature (Beeler, Jr. and Johnson,1967; integrating Equation (16) from the initial size down

_

Johnson,1979;lxffers and Singh,1981), the to the size at which only a single vacancy remains, -

T nominal values used were: 7/ = $6 and z/ = 42.
-

Between the determined lower and upper limits, the
capture efficiency was assumed to be proportional to e'dr[1 pg)

%"fr"'the reciprocal of the square of the cluster radius "'' dt d'(Wolfer and Ashkin; 1975).

i As mentioned above, vacancy clustering is presently
treated in less detail than is interstitial clustering. Using Equations (14) through (18), the
Vacancy cluster formation is assumed to happen ' time-dependent rate equation for the vacancy cluster

nly as the result of cascade allapsec The clusters density, Na is (Stoller and Odette,1982):
are assumed to form directly in the cascade as
microyoids wi'h a' radius r c 'The vacancy cluster -e

dN 09generation rate, Os is determined by the fraction of ws , g"' , y"I "'gi
the va .tcies that are assumed to collapse into the dg

clusters and the number of vacancies per cluster, n,,

5 NUREG/CR-5859
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Ilardening Due to Point Defect Clusters - with p = 3 and Equation (21) is shown in Figure 1.
De results shown in Figure 1 reflect loop densities
of I x 10" and 1 x 10" m The difference between2

A dhlocation barrier model has been used to
calculate the matrix hardening due to the interstitial the two modch is greater for srcaller h> ops and for

and vacancy clusters; As discussed by Hement lower number densities. The Hgure includes a

:(Bement, Jr.,1970), such modeh are typically similar comparison for voids. In the case of voids,

derived from the theory developed by Orowan to p = 1 in the 5 san (strong barrier) model. If
voked for voids, the radius isFtiedel's mr <

describe hardening due to precipitates and involve a
calculation of the shear stress required to move a used in Eqh n a ,)instead of the diameter and

dislocation through an obstacle in its gl;Je plane, p = 10. Th0 (c. .tated hardening due to voids is
An incremental change in the yield stress can be more sensitive to the choice of barrier model than is

related to this shear stress. In its simplest form, the the case for hiops A model proposed by Weeks, i

|
change in the shear stress, Ar, can be written as: et al, (Weeks et al.,1069) leads to values that lie

between these two cases. The three void
strengthening modch are compared in Figure 2. The

Gb (20) influence of the uncertainties related to the various
"

barrier models will be discused further below.

Results of Calculations
!

in whicly G is the shear modulus and b is the The major material and irradiation parameters used
magnitude of the Burgers vector. The merage

, n these calculations are listed in Table .l. The range
barrier spacing, f, is computed from the number of displacement rate values includes those
density, N, and the diameter, d, of the obstacles, characteristic of accelerated test reactor irradiations
f = (Nd)*. The factor in Equation (20)is a and power reactor surveillance and support structure
function of the barrier strength. ~ For example- hications. Where possible, the values of the material
p = 1 for a periodic array of strong barriers, such as parameters represent best estimates obtained hom
incoherent pret. .tates (Bement, Jr., ~1970). Either the literature (llettich et al.,1977; Murr,1975; and
the Tresca or Von Mises yielding criterion can be Schaefer et al.,1977). For some parameters, where it
used to convert the calculated shear stress to a was difficult to determine a *best" value, a range of
change in the unlaxial yield stress, in either case, values was used to determine the sensitivity of the

'

Acc2A r (Dieter,1976). calculations to these parameters. The micro-
structural parameters such as the dislocation density

a number of potential values for the barrier strength und grain size were similarly varied within the range
term in Equation (20) are discussed in Bement, Jr., of values found in the literature (Odette and Lucas,

,1970, Depending on the barrier model chosen, the 1989; and Van Duysen et al.,1992).
calculated hardening due to a specific type of
obstacle can vary by more than a factor of 100. For Calculation of Point Defect Transients and
example, if interstitial loops are assumed to be

Steady State Point Defect Concentrationsstrong barriers, p = 3 - 4 in the Orowan model.
Alternately, a weak barrier model that incorporates
Friedel's effcciive barrter spacmg gives: - The time dependence of the point defect

concentrations _is primarily determined by the<

displacement rate, the matrix recombination
Gb (2t) coefficient, and the sink structure. Three"yw characteristic times can be derived from

Equations (1) and (2) if the equations are solved
simultaneously for two limiting cases (Mansur,1978;

with p n 8 for body-centered-cubic materiah _ Sharp and Foreman,1068; and Stoller and Mansur,

-(Bement, Jr.,1970). A comparbon of Equation (20) 1900). The cases are: (1) no point defects are

;

.
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Tabic 1. Typical irradiation and material paiameters

Irradiation rnperature (*C) (4 to 2R1

Duplacerr...a rate (dprs) . 1.0 x 10-" to 10 x 10'-

Cascade efnP:ncy 0.1

Interstitial clustering fraction 00 toga

Interstitial cluster binding rnergies (cV)
di, tri, and tetra interstitial 0.5. 0.75,125

Vacancy citatering fraction 0.0 to 0.6

Vacancy cluster radius (nm) 0.25 to 1.0

Pre-exponential, vacancy diffusivity (m? s) -5.0 i 10'!

Interstitial migration energy (eV) ._ t .25

2 4Pre esponential, vacancy diffusisity (m 3) 3.0 x 10

Vacancy migration energy (cV) - 1.25

Vacaney formation energy (cV) 1.55

Lattice parameter (nm1 ft287

Recombination radius (nm) 0.574 to 1.15
2Surfxe free energy (1/m ) 2 947 4.5 x 104 * T(* C')

Interstitial dishcation capture efficiency 1.t10 -

- Networlo distmation densby (m ) 10 x 10" to 1.0 x 10" |
2

'|Ofcctne grain size (pm) 10. to 100f t
j

|
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absolbed at sinks and (2) no matrix recombination. versions of Equations (1) and (2) for these same two
While both cases are mathematically well defined, limiting cases. For times less than the minimum of
behavior at these limits is unlikely to occur in that defined by Equation (22) or (24), the point

- practice. The sink suteture will determine the defect concentrmions build up linearly and
degree to which point defect absorption is . C; = C, q G,t. For the completely matrix

_

dominated by either matrix recombination recorrbination dominated case, this behavior persists
. (RC > >D,S,t) or by absorption at sinks until the point defect concentrations reach steadyi

(D,S,1> >RC,). The simple solutions discussed state at ta, where
below tissume equal point defect generation rates,
i.e., no thermal emission of point defects from sinks *

. and no in cascade clustering. The use of the term ' t)G4m f25)
" steady state''in this discussion implies that the sink C,,= C,,= j

~ structure is not changing significantly while the point j' >

defect concentrations are evolving. This approx- 1

Imation is not always physically reasonabic, but it is )
useful here for purposes of explanation. C, = C, at steady state since their production rates I

are equal and they are only lost by mutual |
The first time ofinterest is that required for the anmhilation. For the sink-dominated case, the
point defect concentrations to reach a sufficiently interstitial and vacancy concentrations again build up
high value for matrix recombination to limit their linearly and reach their steady state values at t, and
further increase, tg. If the point defect losses were T,, respectively. In this case the steady state
completely dominated by matrix recombination, ie., concentrations are
no point defects were absorbed at sinks, then Tg
would determine the time to steady state,

C," = 66)

t, = (RqG g* (22) D,,, 4,,
4

For a case in which point defects are lost by both
If there is a finite loss of point defects to sinks (as is absorption at sinks and_ matrix recombination, the

| usually the case).-then the time required for the point defect concentrations initially build up in a
,

vacancies to diffuse to sinks, t,, is the time that manner similar to the recombination dominant case,
'

determines the approach to steady state, i.e., C,(t) = C,(t). If t, < tg this behavior persists
until the interstitials begin to be lost to sinks at t.i
At that point, the interstitial concentration reaches a

t, J { DJ[['' (23) pseudo-steady state value which is determined by the
sink strength and temains at that value while the
vacancy concentration continues to increase up to tr
As the vacancy concentration approaches steady

- The time for interstitials to diffuse to sinks, r, is state, the interstitial concentration begins to decrease
typically much shorter than t, because of the higher due to matrix recombination and both point defect
interstitial diffusivity, populations reach their true steady state values. The

behavior is somewhat different if ti > tg. In this
case, the interstitial and vacancy populations reacb

ft, = { Of[ f G'') - the same pseudo. steady state value which is deter.
mined by the matrix recombination rate. These
concentrations are maintained until t,, at which time
the interstitial concentration begins to decrease as

Similarly, the steady state point defect concen- they are lost at sinks. The vacancy concentration
trations can be derived from the time-independent increases as a result. At t,, the vacancies begin to be

_

'

. NUREG/CR-5859 - 8

l'
.

-.r-- '"ee- m.Q a. g , ,.



- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

lost to sinks and both the interstitial and vacancy other internalinterfaces, such as bainite packet
concentrations reach their true steady state. boundaries. Thus, microstructural differences

between engineering materials and the simple model
Re relationship of the point defect concentrations alloys that are frequently used to investigate

- and the characteristic times defined in embrittlement mechanisms could significantly alter
- Equations (22) to (24) are shown in Figure 3 for point defect behavior.
three of the cases of point defect absorption just

. discussed. The temperatures and displacement rate The very strong temperature dependence and long
used to prepare Figure 3 are representative of LWR times observed below 300*C in Figure 4 indicate that
pressure vessels and support structures and the models which invoke the assumption of steady state
individual steady state times (ta, t,, and t,) for each point defect concentrations to analyze low
case are indicated on the abscissa. To limit the temperature embrittlement data may be suspect. '

number of curves in the figure, the case for which Fairly modest differences in irradiation temperature
t, > ta is not included. -In order to demonstrate the between different experiments could confound data
behavior at the true recombination dominated limit correlation and even limited temperature extrap.

_

denoted by R, an non-physical value of vero is olations in this domain need to consider the
required for the dislomtion sink strength. The potential influence of the transient. The time
dislocation sink strengths for the other two cases dependence of the point defect concentrations at 60

dwere: 1 x 10" and I x 10" m for the mixed- and 35'C for a physically reasonable dislocation
absorption case denoted by M and the sink densit, of I x 10" m' are compared in Figure 5 to
dominated case denoted by S, respectively, highlight this point. Two major differences are

observed. The first is that the vacancy concentration
Note that the curve marked S at 60*C does not reaches steady state after about 100 seconds at
demonstrate sink dominated bchavior because the 285*C, but not until after almost 30 years at 60*C,
same sink strengths were used at bmh tc:ci+ratures. This result is particularly significant for the
As shown in the figure, the point defect wncen- conditions of the HFIR pressure vessel (Nanstad
trations reach much higher levels at 60*C than at et al.,1988) since it means that the entire irradiation
285'C due to their reduced mobility at the lawer has been conducted within the point defect transient
temperature. This leads to a higher matrix regime.
recombination rate for a given sink strength. As a

. result, although a sink strength of 1 x 10" m'2 is The second difference observed in Figure 5 is a result
sufficient to demonstrate sink dominated behavior in of the greater matrix recombination at 60*C than at
Figure 3(a), this same value leads to a mixed 285'C. As discussed above, a sink strength of
absorption case at 60*C, For the case denoted M at 1 x 10" m.2 is sufficient to yield sink dominated

_

60*C, t; is greater than maximum value on the behavior at 285'C, but not at 60*C. The interstitial
.

abscissa and the steady state has not been achieved. concentration reaches steady state at about 1 x 10's
at 285*C and remains essentially constant as the

The time required for the vacancies to diffuse to vacancy concentration approaches steady state. In
sinks is what limits the approach to steady state. this case, the primary effect of the transient is the
This time is shown in Figure 4 as a function of existence of a short period during which the vacancy
temperature for two values of the dislocation sink concentration is below its steady state value. The
strength. For engineering materials, the higher situation is similar for the vacancies at 60 C, but
dislocation density is more relevant. Ilowever, the quite different foi the interstitials. The contribution
dependence on the sink strength _ implies that more of matrix recombination leads to an extended period
attention should be paid to characterizing the (-- 1(F s to 10's) during which the interstitial
microstructure of materials used in surveillance concentration is much higher than its steady state

- programs and test reactor irradiation experiments, value. This interstitial supersaturation would
Although only the dislocation density was varied to enhance the formation of interstitial clusters and
obtain the results shown in this figure, it is the total influence the evolution of all defect structures that
system sink strength that determines t,in respond to a llux of interstitials (Grossbeck et al.,
Equation (23). This includes grain boundaries and 1990 and Stoller et al.,1992).

:
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The results shown in Figures 3 through 5 neglected temperatutes for a dhlocation density of I x 10" m'
point defect clustering, but similar results are and at tcmperatures below about 200*C for a
obtained when clustering is included in the calcu. diMocation density of 1 x 10" m # For the higher
lations. The impact of including the (lustering dislocation density and temperatures above 2(U*C,
model dhcussed anne can be seen by comparmy absorption by sinks is dominant and the higher
Figure 6 with Figure 5. The major effect is to interstitial mobility leads to greater absorption and
simply reduce the point defect concentrations at any h>wer concentrations.
gnen time. This comes about for two reasons.
First, the effetti e generation rates of freely h should once again be pointed out that the iesults
migrating interstitiah and vacancies are reduced by shown in Figures 7 and 8 neglect point defect
in. cascade clustering. Then, more of the migrating clustering. The fact that the point defect
point defects are absorbed by the defect clusters concentrations are reduced when clustering is
which act as sinks. The ef fects of the point defect included was mentioned above. Point defect clusters
transient shown in Figure 5 are not sigruf cantly will increase the system sink strength and shift the
modified by the presence of the point defect clusters. transition points on the curves in these Hgures. For

example, the transition from sink dominated to
_

The competition between matrn recombination and recombination dominated behavior shown at 285'C
absorption at sinks can aho be observed in the in Figure 7 would be shifted to higher displacement
displacement rate and temperature dependence of rates. By the same token, a region of sink dominated
the steady state point defect concentrations as shown behasior could occur at N)*C for low displacement
in Figures 7 and 8 At NYC, for a fixed dislocation rates. The location of the calculated transitions is

4density of I x 10" m , the steady state point defect aho strongly innuenced by the diffusion parameters
concentrations are proportional to the square root that are used in the calculations. However, the fact
of the displacement rate for displacement rates in that such transitions in behavior can exist needs to
the range of I x 10 " to 1 x 10' dpa/s. This is be considered when data is extrapolated in either
characteristic of recombination dominated behavior. dhplacement rate or irradiation temperature.
However, the behavior is more complex at 285'C.
For low displacement rates, near those of LWR Influence of the Point Defect Transient on
pressure sessels, the point defect concentrations are Matrix Itecombination
linearly proportional to the displacement rate. This
is the expected behavior for sink dominated point

or hac@n M pny
.

n se n, e numdelect absorption. However, the higher point defect
defects that are lost due to matrix recombmation will

concentrations that are obra.ned as the disIilacement
rate increases eventually lead to more matrix re- be used as a measure of the in0uence of the displace-

combination. ,fhus, at damage rates typical of test ment rate and irradiation temperature in the -
. ,

, .

reactor irradiations, the dependence on displacement transient and steady state regimes. Although the-

'

"I
.

P"" * " " ' " " * N'"*
.

rate at 285'C approaches the square root
dependence obsersed at N).C,. A chante in slope recombination fraction is a reasonable figure of merit

can be seen in the 285,0, curses near 10, dpa's in since the point defects that escape recombination are.

'

those that provide a source for radiation.mduced
. .

Figure .,e.

microstructural and mechanical propert) changes
.

(Stoller and Mansur, IYM). For the sake ofThe temperature dependence of the point def.ect . .

concentrations in Figure 8 can be simd.arly simplicity, the innuence of point defect clustering is.

-

understood. As the temperature is decreased, the neglected m. most of the results presented.

vacancy concentration increases due to a lower g ; g g g; g
mobility. liigher vacancy concentrations lead to
lower interstitial concentrations as long as the

The number of point defects that hase been lost tosystem sink strength is low enough for' point det.
.

ect
a'bsorption to be recombination dominated. In *" '' " " " "I "* ""

. calculated as:1,igure 8, this situation is maintained at all
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1

Equations (?) and (2) and summing the matrix

Ng [* RC,C,dt W) recombination losses at each time step. The results
obtained at 275*C for a range of displacement rates
are shown in Figure 9. For the dislocation sink,

strength used here,1 x 10" m , the defect absorption4

and the recombination fraction I, can be found by pn minated br mM of me emes sMwn in
hgm an ik numM of Mm IW m

. dividing N, by the total number of defects I"* * " """ ' U'""# ""#""Y * *' ."generated. The limiting values of C, and C,, obtained
"E "''"" " ""bI" " * * " ' ' " "

during the linear transient and at teady state for '

with displacement rate. The fraction of the
toth recombination and sink-dominated point defect

radiation. produced vacancies lost to recombination
absorption were given in the previous section. They

under these conditions is similarly plotted in
.are listed again in Table 2_along with the results of

hgure W - For Splacernent ram im than
integrating Equation (27) for the three cases (Stoller

10 dpals, the recombination fraction is less thanand Mansur,1990), hese integrations can be 10, The recombination fraction increases with
carried out analytically for these limiting cases since

p aument raw beauw the mienMal aM vacancy
the point defect concentrations are linear in time mncentrations increase as listed in Table 2,
during the transient and independent of time at

Reference to Equations (1) and (2) shows that whilesteady state. The term a used in Table 2 is an
effective irradiation dose, A = nGyt, i.e., the total pnum of p nt Mnu N m smb inewam

linearly with C, or C, the number recombm.ing1number of point defects that have survived in-
" * " " " "'I'

cascade recombinatiort The dose and displacement
rate terms have been grouped in this way to make it

To illustrate the range of observed behavior,
simple to extract both the dose dependence at a " ""I "" "I *" b4 the same
given displacement rate and the displacement rate conditions as h["gure 9 are shown m.Figure 10.

. dependence at a fixed dose.
C4msistent with the calculated limiting behavior
listed in Table 2, the number recombining exhibits a

The expressions listed in Table 2 can be used to
cu du dependena at low dom aM a Unear

. provide an estimate for how the recombination
dependena at high doses. At low doses, the number

fraction changes with the displacement rate (Stoller
recombining ts inversely proportional to the

,

and Mansur,1990). Alternately, the change in the
displacement rate. However, this dependence isirradiation time required to give equivalent
reversed at high doses where the number re-

recombination fractions at different displacement
e mbining is proportional to the displacement nte. -

rates can be calculated. The dose dependence of the
The transition between low dose and high-dose

recombination fraction is seen to be quadratic at low
d r occurs near the vacancy diffusion time, t,.

doses, and dose-independent at high doses. For a \Vhile the transition doses are very low at M5'C,
given dose, recombination fraction is inverselv

these doses can be increased to significant levels at~

propordonal to the displacement rate during the
transient. At steady state, the recombination wet temppalum as a resd of ywa vamncy-

.

shown m b;;or example, the transition dose at 60*C is
nmbility, I.

fraction is linearly dependent on the displacement
gure 11 to be greater than ! x 10 dpa,

rate if the system is sink-dominated and independent
of the displacement rate if it is recombination-

It has already been pointed out that for conditions
dominated. Dese relationships hold as long as the 8

system sink strength is not strongly af fected by the that are strongly sink dominated (0, < 10 ),
Figure 9 shows that the number of vacancies lost to

displacement rate.
recombination at a given dose increases linearly ,vith
displ ecment rate. As the fraction lost toRemmbination Fraction at intermediate lhes
recombination becomes significant at higher
y ament r m, the dependence on displacement

= The number and fraction of point defects undercoing' rate becomes weaker. This is expected I' rom thematrix recombination at doses between the limits
values listed in Table 2 which show ti.at there shouldjust discussed was obtained by integratine

- be no dependence on displacement rate for

13 NUREG/CR-5859
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conditions that are dominated by recombination. displacement rates greater than about 1 x 10' dpa!s.
This result is illustrated in Figure 12 where the This reduction in the fraction recombining is due to

number and fraction of vacancies lost to recombina- point defect absorption by the interstitial and vacancy

tion are shown as a function of dose fer a low clusters.
i(1 x 10" m ) dishication sink strength. The number

recombining initially increases at a cubic rate in The temperature-dependent curves in Figure 14

Figure 12(a) and, at a given dose, the number is similarly exhibit regions of sttong and weak

inversely proportional to the displacement rate. dependence. The results are only weakly
However, as the recombination fraction approaches temperature dependent above a threshold that is
1.0 at the doses shown in Figure 12(b), the determined by the displacement rate. For a typical

displacement rate dependence of the number test reactor displacement rate, the thrcshold is about

recombining becomes linear and independent of 150*C; while the threshold is at about 100'C for a

displacement rate. LWR pressure vessel displacement rate. The tem.
peratuie dependence is also steeper at the higher

influer cc of Displactment Rate and Temperature on displacement rate. The potential for such shifts in

Point Defect Recombination With Point Defect temperature dependence also need to be considered
~

Clustering when correlating or extrapolating : mbrittlement data.
Figure 15 provides an additional example of how

When point defect clustering is included in the c .stering in0uences the fate of point defects. The
model calculations, the higher system sink strength results shown in the, tigure were calculated using the

contributed by the clusicts tends to reduce the same parameters as were used for Figure 14, but the

fraction of point defects that are lost to matrix point defect clustering f ractions were set to zero.
recombination. Typical results obtained with the Much more recombination takes piace in the absence

complete model are shown in Figures 13 and 14, of the clusters. The acnsitivity of the calculations to

where the cumulative fraction of the interstitials that the changes irt the system sink strength induced by

have escaped matrix recombination (1 - fg) at a total the point dcIcci clusters indicates the importance of

dose of 0.01 upa has been plotted as a function of obtaining a good characterization of the

the displacemert , ,te and irradiation temperature, microstructures that evohe under irradiation.

This dose was chosen because it is near the end.
of. life for WR pressure vessel. The vacancy Predicted Strengthening Due to Point
clustering fraction used in these calculations was 0.5, Defect Clusters
and the di , tri , and tetra-interstitial clustering
fractions were 0.15,0.I, and 0.05, respectively. The .ile behavior of the kinetic model developed for this r
dish) cation sink strength was 5 x 10 m- work has been described in some detail. In order to -

investigate the strengthening that could be induced
The results shown in Figure 13 for 60*C irradiation by point defect clusters, calculations were carned out
indicate that there is a transition from strong i using the complete model wi;h the clustering
.

weak displacement rate dependence at intermediate fractions listed above. The3e values are consistent
values of the displacement rate. Displacement rates with the most recent MD simulations (English et al.,
typical of test reactor trradiations ate in the region 19'XL English et al.,1992; and Diaz de la Rubia and
of weaker dependence. This indicates that extrap. G uinan,1992), As discussed above, the predicted
olations from data obtained in test reactor strenginening will be strongly dependent on the
irradiation experiments could lead to misicading assumed barrier strength, and it is not elcar which
estimates of the effects to be expected at thc much g gg g g g g)
lower displacement rates that are characteristic of clusters that are formed. Therefore, a simple

_

LWR components. Few point defects are lost to Orowan-like model was used to calculate the
#matnx recombination at 285'C at any displacement strengthening. Both the interstitial kiops and

rate. This is quite different from the results shown microvolds were assumed to be strong barriers, with
,

carher in Figure 9(b) when point defect clustering p = 3 and p = 1, respectisely. Thisipproach should
was not meluded in the calculations. In that figure. uate W Ge pupe M mMng ka
a large fraction of the point defects recombined for
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potential degice of strengthening that these defect negligible strengthening for the conditions shown in
clusters could cause. Figures 16 and 17.

he temperature dependence of the calculated However, the dose of 0.1 dpa used in Figures 16 and
strengthening due to interstitial and vacancy clusters 17 is higher than most RPV irradiation data and this
at a dose of 0.1 dpa is shown in Figure 16. Results could be responsible for some of the apparent
are included for both a low and a high displacement discrepancy, ne dose dependence of the predicted_

rate. The higher point defect supersaturations that strengthening is shown in Figure 18, along with
are obtained at lower temperatures lead to much typical test reactor data and data from the HFIR
higher cluster &asities and in turn greater surveillance program. The A533B data shown in c

strengthening. -More strengthening is predicted at Figure 18(a) are for the llSST plate-02 (Stallman,
the higher displacement rate for the same reason. 1988) and the A302 data is the A302 correlation
The strengthening tends to saturate below 100*C monitor (Stallman,1988). Both materials were
and has a fairly steep temperature dependence at irradiated in the University of Virginia reactor in an
' higher temperatures. Vacancy clusters are experiment conducted by researchers from the
responsible for more strengthening than are University of California at Santr. Barbara (Odette
interstitial clusters at a given temperature and and Lucas,1989). The liFIR data includes archive

i_ damage rate. This is a reDection of the higher value materials which were irradiated in the ORR
' of p used for the interstitial c.ust ers. (Chevetton et al.,1988). Reasonable agreement is

observed between the calculations and the
Similar trends are seen in Figure 17, where the experimental data for the doses and displacement
predicted strengthening is shown as a function of rates at which there are data. Some reduction in the
displacement rate for irradiation temperatures of 60 barrier strength may be appropriate, particularly for
and 285*C, At the lower temperature there is little the microvoids, but there does not appear to be a
dependence on the displacement rate since the rationale for invoking one of the very soft barrier ,

defect cluster density has saturated. Vacancy models,
clusters exhibit the greatest dependence on
displacement rate at 285*C, but there is little Some interesting differences are observed between
influence of interstitial clusters at this temperature the behavior of the two cluster types at 285*C in
where the nucleation of small interstitial clusters is Figure 18(a). The interstitial cluster contribution

!- reduced, increases at a rate that is proportional to the square
l'

root of the dose until it saturates. The dose at which
The predicted strengthening shown in Figures 16 the yield strength change saturates is independent of
and 17 appears to be somewhat higher than what is the displacement rate, but the saturation level is
experimentally observed, particularly at the lowest proportional to the square root of the displacement

~

temperatures and highest damage rates. Reported rate. The strengthening due to vacancy clusters is
values of irradiation-induced changes in the yield also initially proportional to the square root of the
strength of RPV steels at 50 to 300 C are in tha dose, but the dose at which saturation occurs is a
range of 35 to 350 MPa (5 to 50 ksi) (Cheverton function of the displacement rate. At 60*C,
et al.,1988; Lucas et al.,1987; Nanstad et al.,1988; Figure 18(b) indicates that saturation has not yet,

|= and Odette and Lucas,1989). In addition, a sub- occurred at a dose of 0.1 dpa.- This is related to the
L . stantial component of the reported strengthening is low defect mobility that leads to the long times
!

-believed to be due to copper-rich precipitates (Lucas required for the point defect concentrations t_o reach
et al.; 1985; Odette,1983; and Odette and Shecks, steady state as shown in Figure 6. There is little
1981) which are not accounted for here. The use of displacement rate dependence observed.
one of the alternate barrier models discussed above Strengthening due to vacancy clusters exhibits the,

'

i would lead to lower calculated strengthening values. square-root dose dependence, but the dose
Reference to Figures I and 2 shows that the use of - dependence of the interstitial clusters is initially

_

; the softest barrier models (i.e., those based on higher. The interstitial cluster strengthening has a'

Friedel's effective barrier spacing) would lead to dose dependence of about 0.75 at the lowest doses in

i
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- Figure 18(b) and then undergoes a transition to been highlighted recently by the llFIR surveillance
square-root dependence. The interstitial cluster data and is a concern for LWR support structures,
strengthening curves appear to be diverging at abmc This latter data have also raised concerns about
0.01 dpa and the behavior is likely to be similar to displacement rate effects at very low displacement
that shown in Figure IX(a) for 285'C if the rates (Cheverton et al.,1989).
calculations were carried out to much higher doses.

In order to investigate the range of irradiation

. In order to better show the relative im}.ortante of temperatures ofinterest to LWR components, the
the two types of defect clusters, the ratio of time dependent rate theory was used to develop a
interstitial cluster strengthening to vacancy cluster comprehensive rmxlel describing the evolution of
strengthening is shown as a functk.n of irradiation point defects and point defect clustering. The time |

temperature and displacement rate in Figures 19 or dose required for the point defect concentrations i

and 20. Vacancy clusters are clearly more important to reach their steady state value is strongly
at higher temperatures and |ower displacement rates dependent on the irradiation temperature and the
flowever, both types of clusters can produce a sink structure that evolves under irradiationi For
significant amount of strengthening. As mentioned remonable values of the microstructural parameters,
above, there is probably some justification for for example, the time required for the point defects
reducing the barrier strength ;crm for the vacancy and the cluster populations to reach steady state can
clustersJ For example,if a value of p = 2 was used be very long at low temperatures, it is on the order
for the vacancy clusters, the strengthening increment of 30 years at 60*C in addition, it was shown that

. from the interstitial clusters would be comparable to the effect of displacement rate is different in the
or greater than that of the vacancy clusters for transient and steady state regimes. Thus, it appcars
essentially all the conditions examined here. Thus,it that it is not appropriate to invoke the commonly
seems appropriate to investigate the behavior of used assumption of steady state defect etmeentrations
both cluster types in greater detail. Since the two when modeling low-temperature embrittlement or
defects will almost certainly behave difftrently under when analyzing the results of low temperature
thermal annealing, this investigation may be experiments (Stoller and Mansur,1990), The
necessary to understand the postirradiation number or fraction of point defects that escape
annealing behavior and re-irradiation embrittlement matrix recombination was used as a figure of merit to
of ferritic stects (Mader et al.,1992). track the influence of the point defect transient.

:SutTlHlary and Planned Future Work The duration of the Point defect t'"nSient 5"Y not
be significant at the highest RPV operatmg
temperatures, but these cadculations clearly show that

The motivation for this work is the need to develop the transient needs to be considered at lower
an understanding of the physical mechanisms that temperatures, llowever, some caution may be

- lead to embrittlement in the ferritic steels used in required in the use and interpretation of experiments
LWRsf Such understanding is important to ensure conducted in test reactors, even at temperatures
the continued safe operation of these plants approaching 288'C Test reactors typically have duty
throughout their current license periods, aad will cycles in which the reactor operates for only several
become critical to plant life extension by license hours to a few days between shutdowns. Because of
renewal. The calculations are intended to these frequent start ups, experiments may be
complement and aid in the analysis of the irradiation conducted mostly or entirely within the point defect
experiments that are conducted to investigate these transient, even at temperatures where the in-senice
same mechanisms. The work has focused on the comp (ment operates long enough far the point
displacement rate and irradiation temperature defects to be at steady state for most of its lifetime.
because these are key variables in data correlation Temperature and flux transients associated with
and extrapolationi The displacement rate is reactor start up have been shown to influence the the
important because many experiments are conducted microstructure that evolves in elevated temperature
at accelerated displacement rates in test reactors in irradiation (Kiritani et al,1900). For components
order to obtain high fluence data in a reasonable such as the HFili , essure vessel or LWR support
time. The importance of irradiation temperature has structures that opcrate at temperatures below 100 C,

21 NUREG/CR-5859
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the point defect transient..may execed the operating already rather long, some attention must be given to
lifetima These components and experiments improving the efficiency of the calculations as more
operating in _this temperature range can not be detail is incorporated. Finally, a version of the
analyzed on the bash of the steady state theory. computer code will be developed to simulate inter-

rupted irradiations and thermal annealing because of
"The time-dependent model has been used to in- some of the concerns that were discussed earlier.

,

i

vestigate the potential contribution of interstitial and
vacancy clusters to radiation. induced strengthening References
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to SUPPLLMENTAHY NOTES

11. ABS r R AC i 900 mora, or mui

he influence of irradiation temperature and displacement rate have been investigated using a model hated on the reaction rate theory
desenpuon of radiat on damaSc. His theory was developed pnmarity for the investigation of relattvery high-temperature, high<kre rautation
effects such as void sweihng and irradianon creep. Before apptymg that theory to the much lawrr temperature and dose regimes charactenstic
Sf Ught water reactor preuure vessels and support strt_tures,it is necessary to examme the assumptx>ns made in formulating the theory, he
mayor simphfymg assumption that has commenty been made is that the interstitial and vacancy concentrations reach a quass steady state condiuon
rapidly enough that the steady state concentrations can be used in calculating the observable radiation effects he results presented here indicate
that the asumption of steady state point defect concentrations is tiot valid for temperatures much below the light water reactor pressure vessel
oprating tempera *rre of about 22C. At lower temperatures, the time required for the point defect concentrauons to reach steady state can
exceed an operaung reactor's Mehme, liven at 288'C, the point defect transient time can he long enough to influence the interpretation of
irradiation expenments done m matenais test reactors at accelerated damage rates,

Based on the insights obtained wuh the simple modch of point defec* cvolution, a more detailed model was developed that incorp, rates an
explicit description of pinnt defect clustering. Rese clusters are potentially responsible for the fraction of the radianon induced hardening that
is attnbuted to the so-called "matnx defecL" he model considers toth mterstitial and vacancy clustertng %c former are treated as Frank loops.

while the later are treated as microvod he point defect clusters can be formed either d:rectly in the displacement cascade or by diffusive
encounters between free p(unt defects. %c results of molecular dynamics simulation studies mc used to provide guidance for the clustenng
prameters. He hardening due to point defect clusters was calculated usmg a simple dislocahon turner model. He tem is indcite that both
interstitial and vacancy clusters can give nse to significant hardening De reiatric importance of each cluster type is shown to be a funct on of
irradiation tenverature and displacement rate.
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