Materials Research Society Symposium Ryceedings
Volume 650, 2001, pp. R3.5.1-R3.5.6

THE INFLUENCE OF PKA DIRECTION ON DISPLA CEMENT
CASCADE EVOLUTION

Roger E. Stoller
Metals and Ceramics {ision
Oak Ridge National Laboratory
Oak Ridge, TN, USA, rkn@ornl.go



The Influence of PKA Direction on Displacement Cascade Blution

Roger E. Stoller
Oak Ridge National Laboratqr@ak Ridge, TN, USA, rkn@ornl.go

ABSTRACT

An extensive database of atomic displacement cascades in iron has been developed using
molecular dynamic simulations. More than 300 cascades have been completed at 100K at
energies between 100 eV and 100 keV, with fewer simulations at 600 and 900K. A systematic
evaluation of the database has revealed an unexpected influence of PKA direction in low energy
simulations For primaryknockon(PKA) directionsthatlie in the close-packed110} planesthe
cascade tends to be constrained to develop in only two dimensions. This planar “channeling”
leadsto muchhigherpoint defectsurvivalthanwhenarandomhigh-indexPKA directionis used
to initiate the cascade. For example, the average number of stable Frenkel pair produced in 300
eV cascades is about 2.1 for cascades initiated with a [135] PKA, and 3.2 for [114] cascades.
Some influence of this PKA direction effect was observed for energies up to 2 keV. The
interstitial clustering behavior also appears to be affected in cascades with high defect survival.

INTR ODUCTION

The posure of materials to irradiation by high-eqneparticles leads to the formation of
atomic displacement cascades. Depending on thgyeogthe initiating particle, theseents
involve from afew atomsto afew tensof thousandef atoms,andoccuronthetime scaleof afew
pico-seconds. The method of molecular dynamics (M&y first applied to simulate cascade
evolutionaround1960[1], but only in thelasttenyearshave the capabilitiesprovidedby modern
computers made it possible to simulate the highggnesiscades relant to nuclear engy
systems [2-12]. 6+ example, these same computational capabilitiee ip@rmitted the
development of anxensve library of atomic displacement cascade simulations in iron with
cascade engies as high as 10@¥ [12]. The analysis discussed in Ref. [12]yided a basis to
determine the number of simulations required to obtain statisticallyarglenean alues for
several primary damage parameters as a function of cascadgy @mer temperature. This
database has also permitted meaningful comparisons of primary radiation damage parameters in
various irradiation enronments to be made [13].

In order to &oid lattice efects such as channeling and directions with particulawyolio
high displacementhresholdsmostMD cascadsimulationsareinitiatedusinga highindex PKA
direction. For example, most of the simulations in the database discussed in Ref. [12] were
generated using a [135] PKA direction. An initiatestication of PKA direction décts using 1
keV cascademdicatedthatmeanvaluesobtainedwith [135] PKA shouldberepresentate of the
average behaor at this enagy [10]. Howvever, further analysis of the cascade databaseated
unexpected phenomenon in thever enegy cascades that lead to relaty lage diferences in
pointdefectproduction.Thesedifferencesarediscussedbelon, whereit will be corvenientto use
the number of displacements calculated with the standaigeMdRobinson-drrens (NR)
model as a normalizingftor [15]. This number of displacementsigr = 0.8*Tyam/ (2*Ey),
whereT y5m 1S theso-calleddamagesnepgy [15] andEg is the averagedisplacementhreshold 40
eV for the caseof iron [16]. Sincethe cascadenengy is analogouto thedamageenegy in these
MD simulations, the NIR model predicts that 3 stable Frehkair should be formed.



EFFECT OF PKA DIRECTION IN 300 eV CASCADES

The statistical analysis in Ref. [12] demonstrated that more simulations are required for lo
than for high cascade eges to obtain similar fractional standard errors. There were originally
sixteen 300 eV cascades included in the databasel[5,7]. In order toéntipecstatistics, 24
additional 300 eV cascades were subsequently completed. The aheéas for stable defect
formation and the fraction of interstitials in clusters were found to be significarftyedif
betweerthesewo populationsThedifferencesveretracedto aneffect of PKA direction.Twelve
different PKA directions were used in the initial 16 simulationsonly the [135] direction as
usedfor thesecondsetof 24. A review of thefirst 16 simulationsandicatedthatsimulationsusing
[114] and [121] PKA directions appeared to be responsible for tfezatites.

In orderto verify this obsenation, 16 additionalsimulationsverecarriedoutusingfour PKA
directions: [135], [114], [121], and [123]. The [123hsvadded as second, refaly high inde
pointof comparisonTheresultsof thesesimulationsareshovn in Figurel, wherethenormalized
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Figure 1.Effect of PKA direction on: (a) the number of stable displacement and, (b) t
fraction of interstitials in clusters. Both are normalized using th& 8iBplacements.




number of stable defects produced is plotted in 1(a) and the normalized number of interstitials in
cluster in 1(b). Stable defect surai is significantly greater for the [114] than for the [135]
direction. The déct on defect surval is somahat weakr for the [121] PKA direction, and

[123] results are not significantly tkfent than the [135]. The impact of PKA direction on

interstitial clustering shen in Figure 1(b) is less systematic since there is more cascade-to-
cascadecattein this parametethanin defectsurvival [12]. More simulationswvould berequired

to establish the statistical significance of the sméaiihces obseed in this figure.

The reason for the increased defect savior the [114] and [121] PKA directions appears
to be the formation of a planar cascade morphology when the PKA direction lies in a close-
packed {110} plane. A typical cascade using a [135] PKA direction isveha Figure 2, where
thepeakdamagestateis shavn in part(a) andthefinal, stabledefectconfigurationn part(b). The
[135] cascades d#elop isotropicallywith a nearly spherical configuration of displaced atoms in
the peakdamagestateshavn in Figure2(a).In thisandthesubsequentascadémagesthelarger
and lighter gre spheres are interstitial atoms and the smaller spheres areacant lattice
sites.Only onestableinterstitial-vacang pair arecreatedoy the 300eV cascaden Figure2. The
single interstitial is in the form of a <110> dumbbell.

In markedcontrasto theisotropic[135] cascadethemorphologyof the[114] cascadshavn
atthepeakdamagestatein Figure3 is completelyplanar Two alternateprojectionsaredisplayed
in parts (a) and (b). All of the displaced atoms lie in tA®)plane, which contains the [114]
PKA direction. Since the PKA ergr is dissipated ta~dimensionallythe \acancies and
interstitials are separated to a greateert and a layer fraction of the displaced atonas! to
recombineAs shavn in Figure3(c), six interstitial-vacanyg pair arecreatedoy this cascadef-our
of the interstitials (2/3 of the total) are in a single cluster of <111> dumbbells andians.
Althoughthiswastheonly oneof thesixteen114] cascadethatwasperfectlyconstrainedvithin
a single plane, the morphology of all the [114] cascades tended to be disRhfiklar
obsenations were made when wing the [121] cascades. One out sixteers perfectly
constrained to the (1) plane which contains the [121] direction. By analogy with its one-
dimensional counterpart, the bl obsered in these cascades can be described as a planar

channeling.

Figure 2.Typical cascade morphology for 300 eV cascade in iron at 100K using a [135]
direction. Peak damage state iswghan (a) and final defect configuration in (b).
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Figure 3.Planar cascade morphology obsstv )
in 300 eV cascade in iron at 100K with a [114]
PKA direction. Peak damage state isvghan (©)

two different projections in (a) and (b), and the
final defect configuration in (c). P
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EFFECT PKA DIRECTION A T HIGHER ENERGIES

It was &pected that this planar “channelingfeait would only be obseed at relatiely low
enegies since high engy recoils would have a greater probability of transferring fstient
momentum to atoms out of the {110} plane. Thisswrvesticgated by conducting additional
cascade simulations at egis of 0.5, 1.0, 2.0, and 8¥ using the [114] PKA direction for
comparison with the results to the [135] cascades completeidysly. The normalized defect
survival ratios for the highest three egiers are shon in Figure 4. It vas surprising to obsezv
thatthedirectionaleffect persistdo somedegreeup to acascadenepgy of about2 keV. Theratio
of the defect surval using [114] to that using [135]as 1.59, 1.12, 1.28, 1.15, and 0.995 for
cascade engies of 0.3, 0.5, 1.0, 2.0 and 5€&\krespectiely. Based on the number of
simulations completed, the ffences obseed in the 1.0 &V simulations are significant at the
90% confidence lel, while those at 2.0/ are not.
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Figure 4.Effect of PKA direction on stable defect formation in iron cascades at 100K
for cascade engies of 1, 2, and 56, values normalized using the NIRlisplacements.

DISCUSSION AND SUMMARY

An unepected dect of PKA direction vas found in MD simulations of 300 eV cascades in
iron at 100K. A typeof planarchannelingvasobseredwhenthe PKA directionliesin theclose-
packed{110} planesThetwo-dimensionahatureof cascadelevelopmenieadsto moreefficient
separation of acancies and interstitials, thereby reducing in-cascade recombination. Thus, a
greateffractionof theradiation-producedahterstitialsandvacanciesurvive in cascadewith PKA
directions such as [114] and [121]. Thiteet gradually disappears at higher gnes as the
atomic recoils hee a greater probability of breaking out of the plane and generating a three-
dimensionatascadetHowever, thedataindicatethatsomedependencen PKA directionpersists
upto about2 keV. Thedifferencebetweerthe[135] and[114] averagess statisticallysignificant
atthe95%confidencdevel for the300eV simulationsThe[114] defectsurvival was15%higher
than [135] at 2 &V, although this dference is not statistically significant at the 90% confidence
level. Interstitial clustering appears to be less semesit PKA direction than does total defect
survival.

These results are probably most significant far temperature irradiation conditions
because increased thermal motion of the atoms mayatatige gect at higher temperatures.
Theinfluenceof irradiationtemperaturentheobseredbehaior is underinvestigation.Sincethe
effectof PKA directionon defectsurvival persistaipto cascadenepiesashighasl1-2keV (~2.5
keV PKA enegy), a thorough westigation of PKA direction décts in lav-enegy cascades
should be carried out before choosing a single direction for higgyeoascade simulations.
Finally, it is interesting to note that the PKA directions whiebeghigher thanwgerage surwial
werenotthosedirectionswith alow displacementhreshold17]. Thus,this effect shouldalsobe
consideredvheninterpretingtheresultsof experimentsntendedo measuratomicdisplacement
thresholds.
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