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Abstract: An extensve database of atomic displacement cascades in iron has been
developed using the method of molecular dynamics (MD). More than 300 simulations
have been completed at 100K with egies between 0.1 and 108\ This encompasses
nearlyall enegiesrelevantto fissionreactorirradiationenvironmentssincea 100keV MD
cascade corresponds to tiverage iron cascade folling a collision with a 5.1 MeV
neutron. Extense statistical analysis of the database has determined repregsentati
averagevaluesfor severalprimarydamagearametershetotal numberof surviving point
defects, the fraction of the swing point defects contained in clusters formed during
cascade cooling, and a measure of the size distibof the in-cascade point defect
clusters. The cascade egyedependence of the MD-based primary damage parameters
has been used to obtain spectruraraged defect production cross sections for typical
fission reactor neutron emggrspectra as a function of depth through the reactor pressure
vessel. The attenuation of the spectruraraged cross sections for total point defect
survival and the fraction of either interstitials @cancies in clusters are quite similar to
that for the NR dpa. Hovever, the cross sections degd to account for the emgr
dependence of the point defect cluster size digtabs ehibit a potentially significant
variation through theessel. The production rate ofdarinterstitial clusters decreases
morerapidly thandpawhereagheproductionof largevacang clusterss slowerthandpa.

Keywords: damage attenuation, displacement cascades, ferritic steels, modeling,
molecular dynamics, point defects, pressuwesels, radiation damage

Intr oduction

Current rgulatory practice in the United States calls for radiation-induced reactor
pressure @ssel (RPV) embrittlement to be predicted on the basis of the neutron fluence
above 1 MeV [1,2]. The correlation of embrittlement with the so-calladtffluence (i.e.
neutron fluence alve 1.0 MeV) is rationalized by the assumption that most atomic
displacements are generated by the highggneortion of the spectrum, and is well
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supported by ongoing data analysls However, it is well knavn that neutrons of ieer
enepgy also contribte to embrittlement and the use of atomic displacements per atom
(dpa) has been recommendd¢h] as an impreed correlation parameteyarticularly
when diferences in neutron erggr spectrum must be accounted fbine change in
neutronenegy spectrumasafunctionof depthin theRPV is animportantexampleof this
situation. Because of this through-thickneagation in the neutron erggr spectrum,
Revision 2 of RegulatoryGuidel.99(RG-1.99/2)specifieghateitherdpaor anempirical,
dpa-based»@onential be used to obtain an e@lent fast fluence for calculating Charp
shifts at locations within theegsel 1,2].

Differences in neutron emgr spectra are manifested adatiénces in the engy
spectra of the primary knock atoms (PKA) produced in elastic collisions with these
neutrons. Since W and high engry PKA can produce damage structures that are both
gualitatvely andquantitatvely differentfrom eachother a systematignvesticationof the
enegy dependence of primary damage formation shoubldigegcsome insight into o
this damage may be attenuated through an. RR¥ potential impact of ddrences in
PKA enegy spectra are amenable twestication by displacement cascade simulations
usingthemethodof moleculardynamic§MD). MD simulationgprovide adetailedpicture
of the formation andwlution of displacement cascades, and recerdramhs in
computingequipmenpermitthesimulationof high enegy displacemenéventsinvolving
several million atoms6-10. The results presented bel@ncompass MD cascade
simulation enggies from near the displacement threshold to as high aseM00 k

RPV Irradiation En vironment

Representate neutron engly spectra were obtained from Reff1] for typical
pressurizeavater[PWR] andboiling waterreactoryBWR]. Theanalysisdescribedelow
was carried out for both reactor typest the results presented here will focus on the
PWR.Theconclusiongseachedor theBWR areessentiallfthe sameasfor the PWR,with
the primary diference being that the relaichange between the inner and outer
diameters of the BWR are reduced because the RPV thickness is ~156 mm whereas the
PWRRPV thicknesds ~218mm. Becausef otherdesigndifferencesthefastflux atthe
inner diameter of the RPV isu@r for the BWR, ~1.1x1%¢ n/n12/s, than for the PWR,
~7.5x103* n/mé/s. A previous analysis demonstrated thafefiénces between the BWR
and PWR neutron ergy spectra were modesit]].

The neutron and PKA ergyr spectra for the PWR case arewhaon Figs. 1 (a) and
(b), respectiely. To illustrate hav the spectrum changes through the R$péctra are
shawn for three locations: 8 mm (the first RPV node from the transport calculations), and
1/4 and 3/4 of the ay through the RPV'he range of the MD cascade anes used in
this study are included in Fig. 1(a), where the four cascadgiesashwn represent the
average PKAs from the neutron egess indicated by the ams. An MD enegy of 0.1
keV is near the minimum required to yield stable displacements. Neutrons wigiesner
below aboutl keV produceatomicdisplacementprimarily from therecoilsgeneratedby
neutron capture (y), reactions. Such recoilsVe@enegies of a fev hundred eVPKA
spectra calculated with the SPECTER cdld# for each of the neutron spectra in Fig.
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Figure 1 -Neuton enegy specta (a) and PKA spedr(b) for thee locations in
a typical pessurized watereactor pessue vessel.

1(a) are shon in Fig. 1(b). Thewerage PKA engy and its corresponding damage

enegy are indicated for each PKA spectrum. Théedénce between PKA and damage
enegy is discussed in the xtesection.

MD Cascade Simulations

The MD displacement cascade simulations were carried out using the ¥cide
[14], and the interatomic potential for iron that is described in REfsand 1§ The
MOLDY codesimply describe®lasticcollisionsbetweeratomsanddoesnot accountfor
enegy loss mechanisms such as electroraitation and ionization. Therefore, the



cascade engy E,p is analogous to the damage gyen the secondary displacement
model by Nogett, Robinson, andofrens (NR) [17]. PKA enegies that correspond to a
given B,p can be calculated using the procedure described in Rg&fahd the neutron
enepgy required to generate PKA with avgh arerage engyy can be calculated for an
elastic collision. Br example, the highest MD cascade @yeused in this wrk is 100

keV. A 100keV damagesnepy correspondso aniron PKA enegy of ~176keV, whichis

the average recoil engy from a collision with a 5.1 MeV neutron. Thus, the simulations
encompass most of the neutron gyaiange gperienced by fission reactor components.

The enegy dependence of weral primary damage parametersdnadeen obtained
from the MD simulations. First is the total number of stable displacements created, with
vacancies and interstitials being formed in equal numbers. These include alhgurvi
defects present after in-cascade recombination is complete and the simulation cell has
returned to thermal equilibrium. A simulation time of about 15 to 20 ps is required to
reach this condition at the highest egjies. Second, because mani the surwing point
defects are contained in small clusters, rather than as isolated defects, the fraction of
surviving vacanciesandinterstitialscontainedn clusterss determinedlt is corvenientto
express these parameters as a fraction of the displacements predicted by thed¢R
[17].

The enegy dependence obsex in the wcang and interstitial cluster size
distributions suggested that some method of accounting for their spectrum dependence
should also be included in this analysis. A single parameterchvosen for both types of
defectsizedistributionfor thisinitial investigation,thenumberof defectdn clustersabove
a specified size. Clusters containing 5 or maeancies were obse only at cascade
enepgiesof 2 keV andhigher andinterstitial clustersof 10 or morewereobsenedonly at
20 keV and abee. These apparent thresholds made #hees of 5 and 10 ceanient
choices to ealuate the ééct of enegy on the wcang and interstitial defect cluster size
distributions, respectely. In-cascade clustering is significant because such clusters
provide nuclei for the gneth of lager defects and their formation directly within the
cascade means thattended defects cawave more quickly than if the clusters were
formedonly by themuchslower proces®f classicahucleationThepresencef relatively
large in-cascade clusters could disproportionately cart&ito the nucleation of defects
such as interstitial loops and mieoads. The humber ofacancies and interstitials in
“large” clusters is alsoxpressed as a fraction of the NRisplacements at each eger

An initial statistical analysis of the cascade database up te\bO&s been published
previously [6], and the engly dependence of total defect swatiand interstitial
clustering alues are discussed in Reff8]. Since that time, a series of eight 1@Vk
simulationshave beencompletedandthevacang clusteranalysishasbeencarriedout on
the complete database. The 1@¥kesults &ll on a smoothydrapolation of the kwver
enegy data, as shn in Fig. 2 for the total defect suwvail fraction. At each engy, the
data point is anveerage of between 8 and 128 cascades, with error baws sidicating
thestandarderroronthemean.Theseerrorbarsarealmosttoo smallto beobseredatthe
higher enggies in Fig. 2, indicating that the minimum obsahin the cure near 20 &V
is statistically significant. The minimum arises from thersve subcascade formation
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Figure 2- Enegy dependence of total point defect survival obtained
from MD cascade simulations.

that occurs abe 10 leV [6,8-1(. Although a detailed comparison of the results of
similar work is bgrond the scope of this papéris worth pointing out that similar
obsenrationsontheenepgy dependencef defectformationhave beenmadeby otherswho
used a dierent interatomic potential for irod9).

The interstitial clusters formed in these iron cascade simulations tend to be well
defined, with most clusters consisting of nearest neighbor arrangements of <111> or
<110> dumbbells, or <111> amalions. Occasionallynterstitials may be added to a
cluster in the second nearest neighbor location or the atomic arrangements can be more
comple [20]. The use of computer visualization and animation sri#venables such
interstitials to be clearly identified as part of the clustexvever, the \acang clusters
produced in these iron cascades tend to Ifesdif with clearly correlated arrangements
out to the fourth nearest neighbor distar;&(|. As a result, tw different criteria were
employedin thevacang clusteranalysisto definewhatconstitutesa vacany cluster The
criterionwerethatall vacanciesn the clusterbewithin: (1) thesecondd,,~0.2867nm)
or, (2) the fourth (g,~0.4754 nm) nearest neighbor distance of anothearw in the
cluster Application of the fourth nearest neighbor criterion nearly doubles the fraction of
vacanciesn clustersputis supportedy Monte Carloagingstudiesof cascadelebris[10,
21].

Thetotalfractionof vacanciesn clusterdor boththe2nnand4nnclusteringcriteriais
shavn in Fig. 3(a) and the fraction ohvancies in clusters of 5 or more using the same
criteria is shawvn in Fig. 3(b). IBr purposes of comparison, thepoeisly derved trend
lines for the interstitial clustering parameters from REJ] are also shan in Figs. 3(a)
and (b). At lev enegies, the dependence aicang clustering on cascade eggris
noticeably diferent from that of the interstitials. The fraction atancies (per NR
displacement) continues to increasgddo the lovest enegies, whereas the interstitial
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Figure 3- Enegy dependence of normalized primary dgmpamametes from
MD cascade simulations: (a) total vacancies and stigal in clustes, and
(b) vacancies in clusterof 5 or moe and intestitials in clustes of 10 or mae.

clusteringfractiondecreasebelon about300eV. A muchlargerfractionof thevacancies
thaninterstitialsarein clustersatlow enegies,andthedecreasavith enegy is muchmore
rapid for the acancies. At high engies, the clustering fraction for both defect types
becomes nearly asymptotic, with some indication of a peak iratteny clustering
curve near 50 &V. A somevhat lager fraction of the interstitials are in clusters at high
enegies, &en for the less restriee 4nn \acany clustering criterion.

The analysis of the cluster size disttibns reealed further dferences between the
clustering behaor of vacancies and interstitials. \Wwer lage \acang clusters are



obsened than interstitials, and interstitial clusters containing ag/rast33 defects ha
beenobsenred,but thelargestvacang clusterin thedatabasés 14. This contributedto the
decision to choose a smaller cluster size of 5 as thef éotahe “laige” cluster
designatiorfor vacanciesvhereasl0 wasusedfor theinterstitials.As shovn in Fig. 3(b),
the fraction of interstitials in lge clusters appears to peak near&@ K0,13. Two
peaks are obsezd for the wcang cluster parameter near 3 and 4¥kThe peaks are
smallfor the 2nncriterionbut well developedfor the4nncase No simpleexplanationhas
beenfoundfor thestructurein thecurvesin Fig. 3(b). Thehigh-enegy peaksmayreflecta
maximum enggy density that is associated with the breakup of the cascade into
subcascades.

Application of MD Results to Damage Attenuation

Corventional Estimates of Dama Attenuation Tlaugh an RPV

Prediction of mechanical property changes through the thickness of an RPV are
requiredfor routinereactoroperationse.g.pressure-temperatulienits for reactorstartup,
and analysis of accident conditions such pressurized thermal shock. Unforfuhately
available data on damage attenuation arevegai and in some cases, congrsial
[22,23. A recent, lot very limited data set from the Japarnwi@o Demonstration Reactor
(JPDR) is shen in Fig. 4 P4]. Measurements of the Charphift at 41 J are skm for
two locations about 18 and 71 mm deep in tssel. Only limited inferences can be
dravn from this data because: (1) the shift is re&yi small due to the @ maximum
JPDR dose of about 2x3%9n/n?, and (2) the totalassel thickness is much less than that
of most commercial RPVs. M@ver, the JPDR data are consistent with some
interpretations of other data which suggest that mechanical property changes can be
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Figure 4 -Comparison of JPDR base metal data aneldixtions of RG-1.99/2
with various attenuation models.



attenuateddster than wuld be predicted based on either dpa or Hp@rential
attenuation formula empjed in RG-1.99/2 [22].

This pointis illustratedby thetwo setsof curvesin Fig. 4 which comparecalculations
of the expected attenuation of the Charghift through the @ssel using the correlation
from RG-1.99/2. The neutron fluence needed to compute the shift at each depth w
determined in three ays : (a) the actual calculatekt fluence, (2) proportional to the
calculateddpa,and(3) proportionalto RG-1.99/25 exponentialformula. The uppersetof
curves was obtained using the chemistagtor calculated from the matersatheasured
composition, and theeer cunes were obtained by a simple ratio procedure to obtain
agreemenvith thedataat 18 mm. In spiteof thelimited rangeof thedata,theexponential
attenuation is clearlyery conserative with respect to the data. Of course, the small shift
and knovn scatter in Chagpdata 5 mean that this data does notyide a definitve
demonstration ofdster than dpa attenuation.

A further comparison of diérent attenuation assumptions iswhan Fig. 5 for the
same PWR neutron spectrum discussedefidl]. Figure 5(a) compares the RG-1.99/2
attenuation formula with the actual dpa, neutron fluence with E>0.1 dMevheutron
fluencewith E>1.0MeV. A valuefor theexposureparameteratthewater/RPVinterface
was obtained by linear interpolation between thiees at the last node in thater and
the first node in the RPWhe exposure parameters in Fig. 5(ayadeen normalized
using these interpolate@btes. Br this thicler vessel geometryleviations between the
exponential attenuation formula and dpa are also seen, anxipiveesmtial is not
conserative at @ery point. The ratio based on theenential is nearly the same astf
fluence (E>1.0 MeV) at the 1/4-T position and closer to dgarizethe 3/4-T position.

TheCharpy shiftspredictedwith this PWRspectrunfor aweld with 0.25wt% Cuand
0.75wt%Ni atafastfluenceof 2x1072 n/m? areshawn in Fig. 5(b). The proceduref RG-
1.99/2 vas used for eachxposure parameter in Fig. 5(a), i.e. the shdswalculated by
attenuating the suate fluence with E>1.0 MeV according to the attenuation ratios
obtained for dpa, fluence with E>0.1 Ma& the &ponential function. Because of the
fluencedependenci theembrittlementorrelationthe Charpy shift reducesnoreslowly
through the gssel than does yiof the exposure parameters. The relatattenuation in
Charpy shift is also a function of the neutron fluence asvshio Table 1, where ratios of
the exposure parameters and predicted Chalpfts are compared at dvdifferent
fluences. Although thexposure ratios are independent of fluence, the predictedyCharp
shift profile becomedlatterasthefluenceincreasedr-or this full-thicknessPWRRPV, the
overall attenuation ratios based on tlkpanential formula are similar to those based on
dpa. The agreement is not as good for a thinner B¥#Rel (see forxample Figure 4).

Through-Thi&ness ¥riation in MD-based Brametes

Enegy dependent functions were obtained by fitting the data in Figs. 2 and 3, and
these were used toauate the ééct of the wariation in the neutron ergy spectrum
through an RPVThese engy-dependent functions ¥ a form similar to those deed
previously [26], andthey wereemployedin the SPECOMRcode[27] to computeeffective
productioncrosssectiondor pointdefectsurvival, total vacang andinterstitialclustering,
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and \acancies and interstitials in ¢gr clusters. Thealues at 50 &V were used for all
higher enagy cascades. PKA spectra for iron such as thosershoFig. 1(b) were
obtainedrom SPECTER 13] andusedto weighttheseMD-basedcrosssectionsn order
to calculatespectrumaveragedvaluesfor variouslocationsthroughthe RPV. More details
on the SPECOMP/SPECTER calculations can be found in R&fand 18

A comparisorof theeffectsof neutronenegy spectruncthangeshrougha PWRRPV
on the MD-basedxposure parametersggdt fluence (E>1.0 MeVand dpa is shwn in
Fig. 6. Total MD defect surwial, total interstitials in clusters, and interstitials irg&ar
clusters £10) are shan in Fig. 6(a), and totalacang clustering and acancies in laye



Table 1-Attenuation of @posue and damge pamlmmetes for typical PWR spectrum

Ratio: Value at outer diameter Ratio: Value at 3/4-T
" Value at inner diameter "Value at 1/4-T
Exposure 41-J Charp shift Exposure 41-J Charp shift
paramete’5X1022 n/mé | 2x10%3 n/mé paramete’sxlozz n/mé | 2x10%3 n/mé
Neutron 0.0599 0.272 0.382 0.196 0.477 0.581
fluence,
E>1.0 MeV
Neutron 0.296 0.619 0.718 0.487 0.761 0.830
fluence,
E>0.1 MeV
dpa 0.144 0.434 0.551 0.337 0.631 0.720
g0-24x [in] 0.134 0.423 0.539 0.331 0.622 0.710

(=5) clusters are sk in Fig. 6(b). There is essentially nofdience between dpa and
either total MD defect surval or total interstitials in clusters in Fig. 6(a). wiver, a
potentially significant dference is seen between dpa and the productiongs lar
interstitial clusters. Since these clusters are only produced ivedtdtigh-enegy
cascades, their production is attenuated more rapidly than dpa. This is consistent with the
change in the PKA spectrum through tlessel shan in Fig. 1(b).

Attenuation of the totalacang clustering fraction in Fig. 6(b) also folle dpa quite
closely whereas the fraction oheancies in l@re clusters is attenuated sanh@t more
slowly than dpa. Theacang cluster parameters in Fig. 6(b) were dedi for the 4nn
clustering criterion. Results for the 2nn criterion are qualahtisimilar, with a lager
differencebetweerdpaandvacanciesn largeclusters Theslower-than-dpaattenuatiorof
largevacang clusterss aresultof thelower enegy peakshavn in Fig. 3(b). Therelatve
importance of &cang clusters produced by 1 to 16\k PKA increases as the higher
enegy PKA are remweed from the spectrum.

Summary

It is now possible to simulate the atomic displacement cascades generated by nearly
the complete fission neutron spectrum. The results presentesl iablude cascade
enegies as high as 10@¥, corresponding to a 17&¥ PKA, which is theeerage iron
recoil from a neutron with an emggrof 5.1 MeV Thus, these results are fully ned@t to
materialdrradiatedin ary fissionreactorervironment.Notethatthe highestaverage PKA
enegy obtained from SPECTER forynf the PWR RPV neutron spectrasvonly 18
keV. This tensve database of cascade simulations canb®used to dere
statistically-relgant primary damage parameters and/jgi® a basis for analyzing
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differences in radiation gmonments.

Primarydamageparametersglervedfrom theMD cascadasimulationshave beenused
to obtain efective defect production cross sections faresal locations through typical
PWR and BWR reactor pressuressgels for comparison with c@ntional &posure
parameters such as dpa aastffluence. The analysis indicates that theatiens from
dpa-like attenuatiorarerathermodestThisimpliesthatneutronenepgy spectrunchanges
due to attenuation should be well accounted for through the use of dpa as long as total
defectproductionis the parametecontrollingmechanicapropertychangesAlthoughthe
results were not presented here, the spectreraged defect production cross section



derived for PWR and BWRaessels were nearly identical, implying that spectrum
differences should not contute to diferences in RPV embrittlement between the tw
reactor types.

Themostsignificantdifferencebetweerary of the MD-basedparameteranddpawas
for the production of laye interstitial clusters. If these clusters coniigosignificantly to
embrittlement, attenuation of mechanical property changes couédtee than that
predicted by dpa attenuation. This could deeifby the impact of lge vacang clusters
since thg were attenuated slightly more wlly than dpa. Havever, it is not possible to
predict mechanical property changes simply on the basis of primary damage formation.
The spectrumageraged defect production cross sections will be usedviapean
improved description of the radiation damage source terms in a kinetic embrittlement
modelthathasbeenusedto predictradiation-induceanechanicapropertychangedased
on microstructurallution.
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