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Change in Flow Stress and Ductility of 5-Phase
Pu-Ga Alloys due to Self-Irradiation Damage

A. Arsenlis, W. G. Wolfer, and A. J. Schwartz
Materials Science and Technology Division, Lawrence Livermore National Laboratory,
P.O. Box 808, L-371, Livermore, CA 94550, USA (arsenlis@lInl.gov)

An internal state variable model for the mechanical behavior of aged Pu-Ga alloys is
developed and used to predict the change of the material with accumulated self-irradiation
damage or age. The material model incorporates microstructural data such as the primary
irradiation-induced defect density from cascades, the density and average size of helium
bubbles, the initial dislocation density, and the initial average segment length of the dislocation
density as input parameters, and then evaluates the stress-strain response of a representative
volume element of the material. Given this response at a single material point, the deformation
behavior of tensile specimens is predicted, and it forecasts increased strength, decreased strain
hardening, and more strain localization with aging. Although the material point behavior
showed some slight strain softening, this strain softening is expected to be masked by statistical
variations of different volume elements and by the strain rate sensitivity of the material. Hence,
it is not expected to appear in the stress-strain response of macroscopic tensile specimens, and
only the increase in flow stress will be measured.

This work was performed under the auspices of the U.S. Department of Energy by
University of California Lawrence Livermore National Laboratory under contract No. W-7405-
Eng-48.

An Atomistic View of Radiation Damage in Plutonium Metal and Alloys

S. M. Valone, M. 1. Baskes, M. Stan, and B. P. Uberuaga
Los Alamos National Laboratory, Los Alamos, New Mexico, USA (smv@lanl.gov)

Using basic thermodynamic and mechanical properties of plutonium (Pu) metal and its
gallium (Ga)-stabilized alloys, an atomistic model is generated from the Modified Embedded
Atom Method (MEAM) of Baskes. The essential features of MEAM are that it uses a “universal
binding energy relation” (UBER) to calibrate the energetics of the model, includes angular
dependencies in the background density function, and uses an analytic, information-theoretic
form (“x In x”) for the embedding energy. The angular-dependence of the background density
permits crystal of different symmetries, but the same number of nearest neighbors (e. g. fcc vs
hcp), to have different energies. It is this feature that permits MEAM to achieve correct phase

ordering in crystalline materials using just first nearest neighbor interactions.
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In MEAM, each type of pairwise interaction must possess its own parameter set. Thus one
set of parameters is needed for each combination: Pu-Pu, Ga-Ga, and Pu-Ga. In all three cases,
a cubic structure is used as the basis for the UBER. For Pu and Ga, the fcc structure is used,
while for Pu-Ga, the L1, structure, without tetragonal distortions, is used. The cohesive energy,
bulk modulus, and atomic volume are the main properties needed to determine the UBER. For
Pu-Pu and Ga-Ga, the pressure derivative of the bulk modulus is also included, resulting in a
higher-order UBER.

The background density parameters are determined from other sources of information. The
primary sources are the shear modulus for Ga-stabilized 8-Pu, the atomic volume of a-Pu, and
the formation energy between the a and 6 phases of Pu metal.

Once these interactions are determined, a phase diagram for the complete Pu-Ga composition
range is calculated without any further modification to the parameters. The free energy of a
candidate phase is calculated using the Einstein oscillator as an ideal reference.

Most of the “f~electron” physics and how Ga effects the f electrons are contained in the
background density, and in particular the symmetry properties of the background density. The
model mimics Ga stabilization through the mixing of the Ga and Pu background density
parameters. The most critical aspect of the mixing elements concerns how the presence or
absence of inversion symmetry in the lattice affects the energy of a particular phase. By
controlling sensitivity of the model to the loss of inversion symmetry, we can control the
stability of the fcc structure relative to the monoclinic structure. In pure Pu metal at 0 K, the
lack of inversion symmetry in the monoclinic structure makes it energetically more favorable.
The addition of Ga reduces the relative stability of monoclinic over fce structures and introduces
a barrier to the reversion of Ga-stabilized 6-Pu to a-Pu.

Radiation damage and defects in plutonium (Pu) metal and its gallium (Ga)-stabilized alloys
are modeled at an atomistic level using the Modified Embedded Atom Method (MEAM). For
radiation damage modeling, we are concerned with the minimum displacement threshold energy
in different crystallographic directions of fcc Pu, the damage production as a function of
primary knock-on atom (PKA) energy, and the migration rates and energies of formation of
small vacancy and interstitial clusters. We attempt to relate radiation damage properties to
properties of the Pu-Ga phase diagram. The minimum displacement threshold is determined as
a function of Ga concentration. In an earlier model of Pu metal, that threshold was no greater
than 10 eV, which might be compared to 14 eV in lead (Pb). The migration rates of mono-
vacancies and di-vacancies are estimated from accelerated molecular dynamics simulations.
The acceleration technique that was used for Pu is called Parallel Replica Dynamics. This
method takes advantage to the special nature of first-order rate processes. Multiple processors
(CPUs) perform a dynamical simulation of a migration event on copies of the same cell of
atoms assigned to different processors. The migration time is estimated from the cumulative
time in all of the processors rather than from the simulation time on a single processor. The
geometry and migration rates of an interstitial defect are also estimated from traditional
molecular dynamics simulations.

The behavior of small helium (He) filled cavities in pure Pu metal is explored with respect to

the effects of cavity size, He-Pu vacancy ratio, low hydrostatic compress (< 15 kbar), bubble
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density, and temperature (300-500 K). In the cavity size range from the 1-10 A diameter, the
He over-pressure is adsorbed through interstitial emission. This relaxation mechanism results in
local strain fields. Varying the He-Pu vacancy ratio between 2:1 and 6:1 constructed from
monovacancies does not cause a change in this mechanism. When 2-A bubbles at a 2:1 He-Pu
ratio are compressed by 15 vol-%, long-range strain fields become apparent. The equivalent
simulation for a cell with no He bubble shows no strain fields. When the bubble density is
increased from 6 x 10"7/cm® to 3 x 10™"/cm® with 2-A diameter bubbles, the strain fields
become sufficiently close to provide a transformation pathway between 8-Pu and o-Pu. 10-A
diameter bubbles at 300 K increase the stability of the fcc lattice. The increased stability is such
that these simulations can be performed at constant pressure boundary conditions, where as the
radiation damage studies on pure Pu metal are conducted at constant volume. The presence of
the bubble provides a pressurized free surface that can alleviate the tension in the pure metal
lattice that otherwise would lead to a collapse to a-Pu. Finally, when a 10-A diameter bubble is
heated to 500 K, the strain fields almost completely disappear, resulting in a nearly pristine fcc
structure. These results are consistent with (1) the 500 K temperature being above the stage V

annealing temperature, and (2) the increased stability of the fcc phase at higher temperatures.
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CnuHoBasi BOCIPUUMYHUBOCTH CTAOMIN3UPOBAHHOM rajjimeM o6-¢as3bl IIYTOHUS
no 1aHusIM SAMP 971Ga

C. B. Bepxosckuit*, 0. B. ITuckynos*, K. H. Muxanes*, B. E. Apxumos*,
IO. H. 3yes**, U. JI. Cearo**, C. A. Jlekomues**, A. I1. ['epamenko®,
A. B. Ilorymua*, B. B. Orno6muaes*, A. I1. TankeeB™
* NactutyT ¢mukn metainioB YpO PAH, ExarepunOypr, Poccus (verkhovskii@imp.uran.ru )
** POALl - BHUUT®, Cuexxunck, Poccust

boratas (a3zoBas agmarpamma IDIyTOHUS [l] ¢ IIECThIO TOCIEAOBATEITHLHBIMH
MOTUMOPGHBIMI  TIPEBPAIIEHUSIMH, YHHUKAIbHBIE TPAHCIOPTHBIE W MAarHWTHBIE CBOWCTBa
00yCIIOBIIEHBI, BO MHOTOM, M3MEHEHHEM CTEICHHU JIOKAIHM3allMd JJIEKTPOHOB S5f-000mouku B
pa3MUYHBIX CTPYKTYpHBIX cocTosHUsAX Pu. Ha HacTosmmii MoMeHT Hambolee MIHMPOKO
oOcyXxraeTcsi BOMPOC OO0 OCHOBHOM COCTOSIHUHM f SJEKTPOHHOM cucTteMbl B 8-Pu u B
cTaOuM3upoBaHHOM 0-dase cmaBos Pu-Ga, Pu-Al.
CrirHOBasi BOCTIPHMMYHBOCTh CTAOMIM3HPOBAaHHON O-(a3bl ciutaBa Pu-Ga ¢ comepkaHueM
ramms 1.5 % Macc uccneoBanach mocpeacToM mmepenus crnektpos AMP “7'Ga u ckopoctn
sIepHOil crmH-pemerounoii penaxcamun (T,") B unrepsane temmeparyp (5-700 K). Casur

(¥K) nummu SIMP uenrtpambHoro mepexoma (-1/2 < +1/2), CKOpOCTb CIIHH-PEIIETOYHOI
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penaxcarmn (¥T,") ompenensiorcs, cooTBETCTBEHHO, CTaTHUecKOH M (IyKTympyromeil Bo
BPEMEHH YacTsSMHU JIOKATHHOTO MAarHUTHOTO IIOJISI, BO3HUKAIONIEM HA HEMarHWUTHOM TallIHH
BCJIEJICTBUE CBEPXTOHKMX B3aUMOACUCTBHI C 0o0jee MarHUTHBIM ONMKaWIINM OKPYKEHHEM U3
atomoB Pu. OOHapyxeHa HeMOHOTOHHas ¢ MakcUMYMOM (Ti.~150 K) Ttemmeparyphas
3aBUCHMOCTb caBura juaun SIMP ramms “K ~ ¥s.s6(Pu) — ogHOpomHOMY (q = 0) BKIamy B
CITHHOBYIO BOCTIPHUUMYHBOCTH f DJIEKTPOHOB cIiaBa. OOpaTUMoOe ¢ TeMIIepaTypoil IMOBeIcHUE
K(T) cBUIETENTbCTBYET O PAa3BUTHH C TOHMKCHHEM TEMIEPATyphl HEyCTOHYMBOCTH B f
JNIEKTPOHHOM  CIleKTpe BOmm3um »Heprum DepMu, COMPOBOKAAEMOH  TCEBAOMICTEBHIM
yMmeHnbineHneM yssfPu) mpu 7 < 150 K [2] 1, BO3MOXXHO, NpUBOISIICH B METAaCTaOMIIBHBIX
cmaBax Pu;Gay, (x < 0.04) mpu yMeHBIICHHM KOHLEHTPALUUH Tajulusl K YacTUIHOMY
CTPYKTYpHOMY 0-0 TPEBpAIICHUIO MapTEHCHTHOTO THIA B O3TOH 0O0NacTH TeMmIeparyp.
[ono6Hoe ymenburenne K ¢ Temmeparypoit B obmacti I < 100 K 6but0 0GHapyXeHO B
cTabuIM3NpOoBaHHON O-(a3se cruiaBa Puggg3Gag o7 [3]. Janusie AMP, noiaydeHHbBIC TPU BRICOKKX
temnepatypax (7 > 200 K) cBuAETEIbCTBYIOT B MOJB3Y MPEUMYIIECTBEHHO JIOKAIN30BaHHOTO
XapakTepa S5f-COCTOSHUHN B CIIaBe; MPH MOHIKEHWUH 1 MPOMCXOMUT POCT KOPOTKOBOJHOBBIX
CTaTHYECKNX ¥ JAWHAMHYECKHX BKIAMOB B Yssr ciuraBa. Opmuaako SMP cBupmerenscTs
(hopMUpOBaHUS CTATUYECKOTO MATHHTHOTO TIOpSIKa B MarHUTHOM Tmoie 9.4T mns

nccaexyemoro O-Pu He HaGmogamock BIioTh 10 7= 5 K.
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HemarnutHoe cocTosinue o u o ¢a3 miIyroHus

M. A. Koporusa*, A. O. Hlopuxos*, A. B. JlykosHoB**, B. 1. AHNCHMOB*
*Uncruryt ¢puzuku merauioB YpO PAH, ExarepunOypr, Poccust (mkorotin@optics.imp.uran.ru)
**Ypansckuil rocynapcTBeHHBIN TexHnueckuil yausepcuter — Y11, Exatepundypr, Poccus

B nanHOi paboTe wuCCleNOBaINCh MAarHUTHOE COCTOSHUE M DJIEKTPOHHas CTPYKTypa
IDTyTOHUS B O ¥ 0 (pa3axX BEIYUCIUTEIBHBIM MeTosoM LDA+U [1] ¢ MaTpUIHBIM yIETOM CIIHH-
opbutanpHOTO B3ammoxaeucTBus (LDA+U+SO). Ims 5f oGonodkm mapamMerp OOMEHHOTO
B3anmozelicTBuss XyHaa Jy = 0.48 3B Obul paccuMTaH MeTOIOM KOHCTpaiiHA. J{is 3TOTO
3HaueHUd Jy W TMapamMeTpa KyJIOHOBCKOro B3aumopeiictBuss U = 2.53B BbIUHCICHHBIN
PaBHOBECHBIN 00BEM O (ha3bl IUIYTOHUS COBIAJACT C IKCIEPUMEHTAIbHBIM. B pacuérax obenx
a3 GbLIO TOTYYEeHO HEMATHMTHOE OCHOBHOE COCTOSHHE ¢ HOHaMM Pu B koHpurypamuu f ° ¢
HYJIEBBIMH CIIMHOBBIM S, opOuTanbHbeiM L u monHeiM J MomeHTamu. TakuM o0Opazom, B
METAUTMYECKOM IUIYTOHHH pealm3yercss ciydail jj-cBa3u. HemaBHO omyOnIMKOBaHHBIE
AKCIIEPUMEHTANIEHBIE JaHHBIE IMMOATBEPIKIAIOT TOJIYUYSHHBIE TEOPETHYECKHE pPe3yJIbTaThl —
OTCYTCTBHE MarHUTHBIX MOMEHTOB B METAJUIMYECKOM TUTYTOHUH [2].

VYpoenr @Depmu pacrmoyiaraeTcsi Ha HHKHEM Kpaio IICEBIOIICTH MEXAY IOIHOCTHIO

sanonuenHoit £ 77 u mycroit f 77 nomsonamu. Icesnomens Ha yposre depmu cdopMupoBaHa
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YK€ CIHMH-OPOMTANIbHBIM pacLICIUIEHHEeM, 4TO ciexyeT u3 pacuéra Oe3 yuéra s¢dexToB
AIIEKTPOHHBIX Koppelsiiuit (MeTogoM LDA+SO).

B 3 daze nimyronus HeGonpLioe yBenuueHne (MeHee, ueM Ha 10 %) mapamerpa 0OMEHHOTO
B3aMMOJAEUCTBUS Jy NMPUBOIUT B pacdyére K BO3HMKHOBEHHMIO MAarHUTHOIO COCTOSHUSA. [ o
(ha3bl HEMarHUTHOE COCTOSTHUE 0oJiee CTA0MIBLHO (COOTBETCTBYIOIIMK POCT Jy okoJio 17 %).

Ta e dIMeKTpoHHas KoHHUTypamus f %, Ho ¢ HeHyIeBBIMH MarHUTHBIMH MOMEHTAaMH, GbLIA
nosrydeHa B coenuHeHUsAx mryToHus PuCoGas, PuSi, m PuTe. B ocrampHBIX HCCIIeIOBaHHBIX
coemuuennsx, PuN, PuRh, u PuSb, non Pu Haxomurcs B f ° KOH(UIypauuyu ¢ 3HAYHTEIHHO
Oonpliell BEIMYMHOW MarHUTHOIO MOMEHTA. B oTinuume OT METaJuIM4ecKoro IUTYTOHMS, AJIS
BCEX €ro COCAMHEHHUI XapaKTepeH TUI CBA3H, IPOMEXKYTOUHBIA MEKAY jj U Is.

[lomyueHHOE B HACTOSIIEM TEOPETHYECKOM HCCIEOBAaHUM HEMarHUTHOE COCTOSIHHE
METAJUIMYECKOTO TIIIYTOHUS SBJSETCS CIEICTBHEM IPaBIIIBHOTO y4€Ta JAEJIHKaTHOro OajaHca
MEXIY CIIUH-OPOUTATHHBIM M OOMEHHBIM B3aMMOJCHCTBUAMHU B paMkax metona LDA+U+SO.
Hamm pe3ynpTaThl JEMOHCTPHUPYIOT, YTO 00a 3TH B3aMMOICHCTBHUS IOJDKHBI YUHUTHIBATHCS B

TaMUJIBbTOHHUAHE B 06H.Ieﬁ ManH‘IHOﬁ (bopMe Kak I ITYTOHUS, TaK U €0 COCHHHQHHﬁ.
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PacTrBopumocTs TprTOPHI0B AKTHHHAOB/JIAHTAHU/IOB B
pacniaBiaenHbix komno3unusax LiF, BeF; u NaF

M. B. BosoxuH, B. B. Menbiienun, A. B. ITanos, B. I'. Cy66otun
POAI-BHUUT®, r. Cuexunck, YenssOunckas 061., Poccust (bkv@vniitf.ru)

OCHOBHasI 1eNb WCCIIEOBAHUN — TIONlyYeHUE KII0UeBON WHGOpManuu o (U3NYECKUX U
XUMUYECKUX CBOWCTBaX (TOPHIOB METANJIOB, HEOOXOIMMOH Uil pa3padOTKH CHUCTEMBI
MOSART. Konnenuuss MOSART mnpencrasisier co00i pacijiaBHYIO CUCTEMY C TOIUIUBOM U3
¢dTopunoB TpaHcypaHoBbIX dneMeHToB 0Oe3 no0aBku UFs u ThF,. Hcxons u3 mpenenos
pactBopumocTH, koHuenus MOSART B ocHOBHOM OyAeT MMETH JIe€10 C TPAHCYpaHOBBIMH U
pEenKO3eMEeIbHBIMH JJIEMEHTaMH B BHJE pPAacTBOPEHHBIX Tpudropuaos. B wmcciaemoBanmnm
MOSART ocHoBHOe BHHMaHHWe yzeneHO HOBOH Na, Li, Be/F xoMImo3uium ¢ yMeHBIIIEHHBIM
conepkanuem BeF, u LiF.

PactBopumocts PuF; B pacrumaBabix kommosunusx 2LiF-BeF,, 58NaF-15LiF-27BeF, ,
58NaF-17LiF-25BeF, Obuta ompemeneHa B wuHTepBasie Temmeparyp 525-675 °C. B
3KCIIEPUMEHTaX MCIIOJIb30BaH METO]I M30TEPMUYECKOTO HACBHIIECHHS B pacIIaBICHHOH (asze ¢
CENEeKTUBHBIM M3MepeHueMm pacmnpenenenuss PuF; ¢ momomipio y-ciekTpomeTpuu. Bpewms
BBIJIEPKKU JO YCTAHOBJIEHUS PaBHOBECHs MPHU 3aJlaHHOW TeMIiepaType cocTaBiisuio ot 20 no 32
4acoB Mepe] U3MEPEHUEM C MOBBIIICHUEM TeMIiepaTypsbl oT 550 no 675 °C.

DKcrepuMeHTalbHbIE JaHHbIE 10 pacTBopuMoctr PuF; B pacraBieHHOI coneBoit cucreme

2LiF-BeF, xopomo cornacytotes ¢ 6onee panauMu nanabiMud ORNL. Uro kacaercst NaF-LiF-
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BeF, —copepxamux cucreMm, cHimkenue conepxkanus BeF, c¢ 34 moms% nmo 25 moms%
MOBBIIIIAET pacTBOpuMOcTh PuF; B msiTh pas.

Pesynbrarel mpenacTaBieHbl Kak (YHKIUS PACTBOPHUMOCTH OT Temmeparypbl. Jlis
pacmaBHbeix kommo3unmii  58NaF-15LiF-27BeF, wu 58NaF-17LiF-25BeF, (Mons%) Obiia
noydeHa pactBopumocts PuFs: 1,33 u 1,94 mons% mpu 550 °C u 1,94 u 3,00 mons% mpu
600 °C. Tarke mpeacTaBiIeHBI pe3yabTaThl M3MepeHHus pactBopuMmoctd PuF; B mpucyTcTBHHM
TpudTopuna (audropuaa) manranunoB B Na, Li, Be/F cucteme. M3Mmepennas pacTBOPHUMOCTh
PuF; Bionee ynosnerBopsieT TpeboBanusaM st Na, Li, Be/F cucrem konnenmuun MOSART.

Pabora BeimomHeHa mpu puHaHCOBOM moaaep:;xkke MHTLL (mpoext Nel1606).

CTpyKTypHBIE 0CO0€HHOCTH HeJIETMPOBAHHOI0 YPaHa
nocJjie YBH, conocraBiieHHe JaHHBLIX CBETOBOM U
NMPOCBEYHUBAIOLIeH YTEKTPOHHONH MUKPOCKONUH

1O. H. 3yes*, E. A. Koznos*, U. B. [lonropuosa*, B. B. Carapanze**
* POAL-BHUUT®, Cuexunck, Poccus (depS@vniitf.ru)
**1DOM YpO PAH, ExatepunOypr, Poccus (vsagaradze@imp.uran.ru)

[IpoBeneH aHanM3 COMOCTAaBUMOCTH CTPYKTYPHBIX JTAaHHBIX COXPAHEHHBIX 00pPas3IoB
HEJETUPOBAHHOTO YpaHa, MOIYYSHHBIX METOJaMU CBETOBOW W MPOCBEYMBAIOMICH IIIEKTPOHHON
MUKpockonuu (Meton ¢omubr). Hcmons3oBaHbl 00pasibl Mocie YAapHO-BOIHOBOTO HATPYIKEHUS
(YBH) B quanazone ammautya 21...50 I'Tla.

[okazaHo, 4TO JUIA MOJTyYeHHsI OOBEKTHBHOM HHMOPMALIMK O CTPYKTYPHBIX OCOOCHHOCTSIX
KPYTHO3EPHUCTOIO MaTepHaja ¢ BBICOKOW CTeleHbI0 aHu3oTponuu mnocie YBH oba merona
SBIISIOTCS.  B3aMMOJAOMONHSIOMMMA.  3HAYUMOCTH W MPENCTaBUTENBFHOCTh  aHAIH3a
JUCITOKAIIIOHHOTO CTpOoeHHus (MeTon (hOIbr) MOXKET OBITh JONOJHEHAa C yYeTOM JaHHBIX
CBETOBOH MUKPOCKOMUH. PacrpeneneHre OTKOJNBHBIX TPEIIUH OINPEAesIOCh MO JaHHBIM
CBETOBOW MHUKPOCKOIHHU C MPUBJICYCHUEM HEKOTOPBIX JaHHBIX O COCTOSHUM KapOWAHOMW (asbl,
MOJYYECHHBIX C HCIIOJIB30BAHUEM BIIEKTPOHHOTO MUKPOCKOTIA.

OTMeueHO pa3inyhe B Croco0ax oOpabOTKM JaHHBIX B 3aBUCHMOCTH OT ITOCTaBJICHHOMN
3a/1aun:

— XapaKTepHCTHKa MaTepuala B IeJIoM (3epHEeHHas U JeopMaIllioHHas CTPYKTYpa),
— aHaIM3 HEe TUIHYHOM CTPYKTYphl Ha JOKAJIBHBIX Yy4YacTKaX, KOTOpas OIPEIEIsIeT

aHAIM3UPyeMOe CBOMCTBO MaTepHraia (00pa3oBaHUC U Pa3BUTHE TPEIITHH).
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CTpykTypa 00pa3uoB ypaHa nocje yIapHo-BOJHOBOI0 BO31eHCTBUS

10. H. 3yes*, B. B. Carapamze**, H. B. [logroprosa*, H. JI. [leuepkunra**,
M. JI. Myxua**, C. A. Jlekomues*, A. B. IlerpoBues*, E. A. Koznos*
* PO BHUUT®, Cuexunck, Poccust
** IdM YpO PAH, ExarepunOypr, Poccust (vsagaradze@imp.uran.ru)

BrimonHeHa 3EKTpOHHAsT MHUKPOCKOMUS  (ONBI, TPUTOTOBJICHHBIX M3 COXPaHEHHBIX
IUIOCKMX YPaHOBBIX 00pa3loB IOCJTE B3PBHIBHOTO HATPYKEHHS C pPa3HOM HMHTEHCHBHOCTEHIO.
Marepuan umeer Ae)OPMAIMOHHYIO TIOJIOCOBYIO CTPYKTYPY, COCTOSIIYIO M3 YepeIyFOLIHXCs
JIBOITHUKOB, MEXIBOIHHUKOBBIX MAaTPHYHBIX YYacTKOB M JucioKanuil. I3BecTHO, dTO
TUIOCKOCTSIMU ABOHHHMKOBaHHSA B ypaHe MOTYyT ObITh muiockoctu {172}, {130}, {112}, {121},
{176}. DBpIMONHEHHBI pacyeT TIO pACIOJIOKEHHIO OCHOBHOM CETKH pe(eKkcoB Ha
3JIEKTPOHOTpaMMe TMOKa3bIBAET, UTO IIOCKOCTHIO Poibru sBisieTcs miockocThb (100) a-ypana ¢

napameTrpamu a = 2,836, b = 5,867, ¢ = 4,936 A. Cnen nBOWHMKA COBITaacT C HAMPABICHUEM

[014], 4TO CBHAETEBCTBYET O IUIOCKOCTH ABOiHMKOBanmMs (172 ) win (121). Ipasumst sepen
SBISAIOTCS  3yOuaThiMH. BbicoTa 3yOIOB Ha OTAENbHBIX TpaHHUiax mocturaer 20-30 Mxwm.
Nmetorcst kapOuapl ypaHa pazmepoM 110 2-3 MxM. [locie B3pbiBa (OPMUPYIOTCS TaK¥KE ITOPHI,
KOTOpbIe HHOTJa 00BETUHSAIOTCS B TPELLIMHBIL.

ITo crpykrype oOpasupl 1 u 2 (mociae MEHBIIEro W OONBLIETO B3PHIBHOTO HATPY>KEHHS)
OTAMYAIOTCA ApPYyr OT Jpyra. B MeHee HarpyxeHHOM o0pasue | JAJIMHHBIE KPHUCTAJJIBI
JIBOMHUKOBOM opueHTanuu uMeroT mupuHy 0,05-0,25 mxm. JluciokallMoOHHAasl CTPYKTypa
Xa0THYHA M COOTBETCTBYET CTPYKType XOjomHoi medopmaruu. B HkHEH dacTu oOpasma 1
KOJIMYECTBO JBOWHUKOB yBEIIMYMBAETCS, OHM YacTO TIepeceKkaroT Apyr apyra. B oOpasme 2
BHYTPU JIBOMHHKOB W COCEIHHMX MATPUYHBIX YYaCTKOB BHJIHA IHCIIOKAI[MOHHAS CTPYKTYpa,
COOTBETCTBYIOIIAsi Oojiee BBICOKOM TemIepaType pa3orpeBa INpH 0Oojee HHTCHCUBHOM
HarpyXeHuu, 4yeM B obOpasme 1. Ha rpamumax mosoc oOpa3yroTcsl CKOIUICHHUS AMCIOKAIIUM,
BHYTpH HHX (GOpPMHpYETCs siuercras CTpykTypa (pasmep siueexk ~25 HM). Kpome Toro,
HaOIOaeTcs MOsABICHUE Cy03epeH C TPAaHMYHBIMU THUCIOKAITMOHHBIMA CTEHKAMH M CETKaMH.
Mukpoaudpakius OT TaKOH CTPYKTYphl B 00JIACTH JBOWHHKOBOW WIJIM MAaTPUYHOHN IOJIOCHI
Takas e, Kak OT MOHOKPHCTAIIJIa, YTO CBUAETENBCTBYET 00 OTCYTCTBHH PEKPHUCTAILTU3AINHN H
pa3BUTHH MOJUTOHM3ALMOHHBIX IPOIECCOB B Oonee HarpyxeHHoM oOpasue. OTtcyTcTBHE
PEKpPHUCTAIIM3alMd TOBOPUT O TOM, YTO TEMIIEpaTypa HarpeBa NPHU B3PHIBHOM HArpPyKEHUHU
oOpasia 2 He npesbimiana 300-350 °C. [InotHoCTh auciiokaiuii B (osibre TONMIUHON ~70 HM
cnemyromas (B e 2): ot 7x10" o 1,1x10" (o6pasen 1) u ot 3,3x10' xo 1x10" (o6pazer 2).
[1I0THOCTD AMCIOKALMI B CTEHKE Ha TpaHuIe cyO3epHa B o6pasie 2 cocrasisier 3,7x10' cm 2.

PaGota BemonHeHa npu ¢uHaHcoBOM moanepkke BHUMUT® (morosop Ne 7/04), PODOU
(mpoext Ne 04-02-16053) u [IporpamMmel moaepKku HaydHbIX mikol (mpoekt HII-639.2003.2).
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Bausinue cam000/1yuyeHUs1 HA YCKOpeHue
I y3MOHHBIX MPOLECCOB B AKTUHHUIAX

E. A. CmupHOB
MoCKOBCKUiT HHKEHEPHO-(DU3MYECKUI MHCTUTYT (smirnov(@phm.mephi.ru)

B cBs3u ¢ HEOOXOOUMOCTBIO TPOTHO3UPOBAHUS BIUSHUS CaMOOOIYyYEHHUs Ha yCKOpEHHE
I y3MOHHBIX TIPOIECCOB B aKTUHHUIAX IPOBENEH aHalIW3 BO3MOXKHOCTH pPaIdalliOHHO-
crumynupoBanHoi nuddysun (PC) Ha npumepe a-¢assl IIyTOHUS ¢ U3BECTHOW CyMMapHOI
I BCEX M30TOIOB IUTYTOHHS CKOPOCTBIO TeHEpaIMu paxuannoHHbix nepekros K, = 0,1056
dpa/yr (3,35-107 cua/c) no ganusmv [1].

s omenkm xapaktepuctuk PCJ[ B o-Pu mnpum ecrecTBeHHOM camMoOOOIydeHUH
HCIIONb30BANCS METOJA, NPENJIOKEHHBIM paHee [2] W 3aKIIOYAIOIIUMNCA B MCIOJIb30BaHUU
koddumenta yckopenus R, omeHMBaeMoro mo s3kcrnepuMeHTaNbHBIM AaHHBIM 1o PC. s
MPeJIOKEHHBIX B HACTOsIIEH paboTe oneHok koddpduuueHT R ompenensercs ¢ MOMOIIBIO
CTaTUCTUYECKON 0OpabOTKH AaHHBIX MO BIMSHUIO O-M3iydeHHs Ha auddysuo B Ag, Au, Ni u

Pb. C yuerom monydenHoi ciaboit 3aBucumoctd R o1 K|, TemneparypHast 3aBHCHMOCTE R mpn

CaMOOBITyYCHHH Oi-4ACTHIIAME UMeeT creyiomuii sux (i T = 567 K):

a—Pu

Ricy" = (4,12135) 10" exp[(14,30 £ 0,41) ._TMT ]

PaccunranHnas c IMOMOMIBIO 3TOr'0 BBIPAKCHUSA TEMIICpATypHAsd 3aBUCUMOCTDH Dpcﬂ B o-Pu

UMEET BU/I;

0,175+ 0,024>B 5
— , cM“/c,
k-T

Dy = (L1275 10" expl

a ouenennoe 3nauenne £ = 0,351+0,05 5B, uro cornacyercs ¢ pannumu onenkamu [3]. C

HCIOJIb30BAHUEM MCTOAUK, YUUTBIBAKOIIHUX BJIHNAHUC SaMeHHﬂIOH.[eﬁ PCI[ IIpUMECH, a TAKKC

I'paHML 3€pEH MPUBEICHBI COOTBETCTBYIOLINE NPUOIMKEHHBIE OLIEHKH [3-5].
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Magnetic Properties of Radiation Damage in Pu

M. J. Fluss, S. McCall, B. W. Chung, M. McElfresh, D. Jackson, and G. Chapline
Lawrence Livermore National Laboratory, Livermore, California 94550, USA
(fluss1@lInl.gov)

Plutonium’s unusual position in the actinide series places it directly between the light
actinides with f-electron delocalization, and the heavy actinides with f-electron localization.
Point- and extended-defects are expected to, and do exhibit extraordinary properties as a
consequence of the unusual nature of plutonium’s electronic structure. Recently, we observed
and reported' that vacancies and vacancy clusters in Pu (3.3 at% Ga) fcc delta-phase behave in
an anomalous manner with respect to their specific resistance. The vacancy defect resistance
was seen to follow a —In(7) behavior from 250 to 10 K, suggesting the possibility of local
moments with a low critical temperature. Unfortunately no magnetic studies were possible at
the time.

Here we report in alpha-Pu, a preliminary study of our discovery of the magnetic
susceptibility from radiation damage, as a function of time and temperature. First, using
isochronal annealing, we observed annealing stages associated with the accumulated damage, in
the form of an excess magnetic susceptibility. The first annealing stage begins above 30K,
meaning that below that temperature the displacement damage from self-irradiation of the Pu
alpha particle emission and the U recoil are 'frozen' in. These results are comparable and similar
to resistivity data on alpha-Pu taken almost 40 years ago by Wigley." A detailed study was
made of this excess magnetic susceptibility below the first annealing stage of alpha-Pu as a
function of time (<45d) and temperature (<30 K), at a field of 2 Tesla. It revealed, at early
times, a Curie-Weiss behavior with a small negative Weiss temperature that evolves into a
power-law behavior with increasing time. Additionally, we will report annealing experiments
that appear to differentiate between the magnetic properties of interstitials and vacancies in
alpha-Pu.

We will discuss all these results in terms of the complex nature of plutonium’s electronic
structure and discuss the notion that the properties of local disorder may provide information
about the organizing principles of plutonium itself.

This work was performed under the auspices of the U. S. DOE by Lawrence Livermore

National Laboratory, under contract W-7405-Eng-48.

References
' M. . Fluss et. al, Journal of Alloys and Compounds 368 (2004) 62—74
" D. A. Wigley, Proc. R. Soc. A 284 (1964) 344

93



Investigating the 6/a' Phase Transformation in Pu-Ga Alloys

K. J. M. Blobaum, C. R. Krenn, M. A. Wall, and A. J. Schwartz
Chemistry and Materials Science Directorate
Lawrence Livermore National Laboratory
Livermore, CA 94550, USA
(schwartz6@lInl.gov)

The & to o' phase transformation in Pu-Ga alloys is intriguing for both scientific and
technological reasons. On cooling, the ductile fcc 6-phase transforms martensitically to the
brittle monoclinic o'-phase at ~160 K (depending on composition). This exothermic
transformation involves a 20 % volume contraction and a significant increase in resistivity.

Complete transformation to the o' phase is not observed; typically a maximum of 30% is
formed. Furthermore, time-temperature-transformation diagrams found in the literature indicate
that the kinetics of this transformation involve ‘“double-C-curve” behavior, and the two
maximum rates of transformation are a function of composition. The reversion of o' to &
involves a large temperature hysteresis; reversion begins at ~310 K. In an attempt to better
understand the underlying thermodynamics and kinetics responsible for these unusual features,
we examined the a'/0 transformations in a 0.6 wt% Pu-Ga alloy using optical microscopy,
transmission electron microscopy, resistometry, and differential scanning calorimetry as shown
in Figs 1-4.

At this composition, the martensite start temperature is ~154 K and the austenite start
temperature is ~310 K. Differential scanning calorimetry shows evidence of o' formation and
reversion to 8. The feature corresponding to the reversion contains a series of “oscillations”
which are the subject of much investigation. These “oscillations” are periodic, and their
periodicity with respect to temperature does not vary with heating rate. Thermal cycling of a
single sample shows highly reproducible transformation and reversion behavior, provided that
the sample is alloyed to “rest” at room temperature after a high temperature anneal. Possible
reasons for these observations will be discussed. Elucidating the thermodynamics and kinetics
of the &/a' phase transformation are important for understanding how Pu-Ga alloys can change

over time and under a variety of thermal conditions.

This work was performed under the auspices of the U.S. Department of Energy by the
University of California, Lawrence Livermore National Laboratory under Contract No. W—
7405-Eng-48.
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Characterization of Aging Phenomena in Pu-Alloys

Adam J. Schwartz
Chemistry and Materials Science Directorate
Lawrence Livermore National Laboratory
Livermore, CA 94550, USA (schwartz6@lInl.gov)

The time-dependence of the properties of aging plutonium has been the focus of
investigation for the past five years. The origin of these aging phenomena is the a-decay
process, which produces a 5 MeV a particle and an 85 keV uranium recoil. The U recoil
produces significant short-term lattice damage that may lead to volume swelling and the
potential for void swelling. The a particle loses energy to electronic excitations before coming
to rest as a helium atom. Our first-principles modeling indicates that Pu should be highly
resistant to void swelling and in situ dilatometry experiments are underway to evaluate the time
dependent behavior of old material. Transmission electron microscopy characterization of new
and old material reveals the presence of helium bubbles in line with predictions using rate
equations.

An experimental and modeling effort is underway to evaluate the effects of radioactive decay
on the equation of state. Two independent methods have been applied to predict the effects of
helium on the equation of state: first principles and classical. Both methods predict insignificant
changes in the equation of state over time frames of interest. We have also conducted diamond
anvil cell experiments to compare the compressibility of new and old material. The preliminary
experiments indicate insignificant changes as a function of age.

This work was performed under the auspices of the U.S. Department of Energy by the
University of California, Lawrence Livermore National Laboratory under contract No. W-7405-
Eng-48.

95



	Физические свойства и эффекты самооблучения в актинидах и их
	Литература
	Структура образцов урана после ударно-волнового воздействия
	Е. А. Смирнов
	Литература


