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Atomistic models of point defects in plutonium meta l

Steven M. Valone,$ Michael I . Baskes, Bias P . Uberuaga, and Arthur F . Vote r

Materials Science and Technology and Theoretical Divisions , Los Alamos National Laboratory,

Los Alamos, NM, 87545 USA

The ag ing p ro perties of plu ton i um (Pu) metal

and alloys are. driven by a combination of materials

composit ion, processing history, and se lf-irradiat ion

effects . Understanding these driving forces requires

a know ledge of both t hermodynam ic and defect

properties of the material . The multiplicity of phases

and the small changes in tempe rat u re, pressu re,

and/or stress that can induce phase changes lie at the

heart of these properties . In terms of radiation

damage, Pu metal represents a unique situation

because of the large vo lume changes that accompany

the phase changes . The most workable form of the

meta l is the fcc (S-) phase, which in practice is

stab i l ized by addit io n of a lloying e l eme n ts su c h as

Ga or Al . The thermodynamically stable phase at

ambient conditions is the monoclinic (a-) phase,

which, however, is 2 0 % lower i n volume than the S

phase. In s tabil ized Pu metal , there is an in t erplay

between th e natu ral s we l li n g tendencies of fcc meta ls

and the vo lume-con traction tendency of the

u n d erlying thermodynam ically stable phase. Thi s

study exp lores the point defect pr operties that are

necessary to model the long-term outcome of thi s

interp lay.

Point-defect properties are atomistic in nature .

To study point defect production and migration, it is

necessary to construct an atomistic model of the

interactions among Pu atoms . Recently progress has

been achieved in the form of a modified embedded

atom (MEAM)1,2> potential for pure Pu .3> The

MEAM potential was able to capture the most salient

features of atomic volume and enthalpy of Pu metal

and liquid metal as a function of temperature at zero

pressure (Figs . la and lb). Most significantly the

atomic volume difference between the a- and S-

phases was captured nearly qua ntitative l y.

Here we use th is potentia l to simul ate the point

defects that form as the result of a se l f-irradiation

cascade in Pu meta l at room temperat ure (RT) and

ambient pressure . The first property of interest is the

m in imum d isplaceme nt th resho ld energy (DTE ). The

h
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Figure 1 . MEAM potential model of Pu metal at low
pressures as a function of temperature . The

differences in atomic energy and volume between a

and 8 Pu are quite close to the experimental values .

DTE represents the minimum energy in a cascade

required to cause the formation of a Frenkel pair .

The potential represented in Fig. 1(model I) has a

very low DTE, ] 0 eV, compared to other fcc

meta l s .4) See Table 1 . For this reason, we consider

a second set of parameters (model II) in which the fcc

phase is stable all the way down to 0 K . The DTE for

model II is 18 eV .

The reason for the low DTE in model I can be

directly related to the low-temperature properties of

the model . Below 100 K, the fcc lattice of model I

undergoes a rhombohedral distortion .4) In real Pu

metal, the fcc lattice is unstable as the temperature is

decreased (Fig . la) . So model I is realistic in this

sense . The fcc lattice in model II has no such low-

temperature distortions . Consequently, it behaves

more fcc-like, as one might expect for Ga-stabilized

Table 1 . Comparison of DTEs (Ed) for the two models of Pu and some fcc metals . The experimental values are for

polycrystalline samples using electron beam irradiation, except for Pu.

Metal Pu Ag Al Au Cu Ni Pt Pb

Experiment 33a 25e 16e 36e 19e 23e 24e 12
.5 -

Ed (eV) 14b 1 5f

MEAM 10° 20
.9° 17.7° 23.7° 24.1° 15°Ed (eV) 18 d

aReference 6 va lue based on sublimation energies in fcc meta l s .

bReference 7 va l ue base d on me lting temperature of metals .

°Reference 4 .

dReference 4 (Model II) .

eReference 5 .

fReference 8 .

400 600 800 1000
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Pu. Currently, there is no way to validate either

m o d el .

Next we are concerned with interstitial defects .

Each cascade produced by the fission of a Pu atom

produces about 2500 Frenkel pairs . The structure of

the interstitial for model I is a (100) split dumbbell,

whereas the interstitial for model II remains in an

octahedral site. The migration barrier for th e

interstitia l in mode l I is 0 .055 eV.4) Th is value i s

typical for fcc metals .

Vacancies m ig rate much more slowing, lead i n g

to an imbalance between interstitials and vacancies .

In model 1, the barrier is at most I eV, while the

value for model II is 1 .5 eV. These values appear to

be high relative to the experimental value of 0 .68 eV

measured by isochronal annealing .9) Parallel replica

dynamics simulationslO> shows that mono-vacancy

migration proceeds by two-atom hops as often as by

one-atom hops .

F inal ly, th e b ias volume, resul ting fr o m th e

d iffere n ce betwee n intersti tial and vacancy volumes,

provides a simple measure of the driving force for

vo id swel ling. Mod e l I has no measurab le bias

vo lume. Figure 2 shows b ias vo lume for Mode l II Pu

as we ll as for Ni and Pb. The Ni and Pb val ues are

c l ose to t he experime ntal va lues .
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Figure 2 . B ias vo lumes from M EAM po t entials. Pu
value is for m o d el I I .
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