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Abstract

An EAM (embedded atom method) potential is constructed for fcc 3-Pu. MD (molecular dynamics) simulations with the potential are performed
to investigate the behavior of small He bubbles in Pu. The simulation results show that He bubble growth can be governed by the mechanism of
dislocation-loop punching. The equilibrium structures of the He bubbles with different size are determined. It is clearly shown that dislocation
loops are formed around the He bubbles. Moreover, the swelling of computational cells containing He bubbles is predicted.
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1. Introduction

Pu is vulnerable to aging because it is a radioactive element,
decaying to U by emitting « particle. The 86 keV 23U recoil
traverses the lattice approximately 12 nm and results in the for-
mation of approximately 2300 Frenkel pairs. Although 90% of
these Frenkel pairs return to the initial lattice sites with the first
200 ns, the remaining 10% remain in the lattice in the form of
free SIA (self-interstitial atoms) and vacancies or SIA or vacancy
clusters. On the other side of the decay, a 5 MeV « particle tra-
verses the lattice approximately 10 pm, slowly losing its energy
via electronic excitations before coming to rest with the gener-
ation of an additional 265 Frenkel pairs. Although the widely
used 2*°Pu has a relatively long half-life of about 24,000 years,
its decay rate is still sufficiently high to lead to a significant
buildup of He and radiation damage within the metal after sev-
eral decades [1,2]. As is well known, He and radiation damage
in metals can produce macroscopic detrimental effects such as
swelling and embrittlement, thus alter the properties of metals
and alloys. Beyond all doubt, Pu and its alloys must also be the
very typical examples.

Despite some researches regarding He effects and radiation
damage in Pu with direct and indirect techniques, many
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questions remain unsolved [3-7]. In order to obtain further
knowledge about the behavior of He in Pu, MD simulations are
performed to investigate the problem. However, the discussion
on displacement cascades such as defects evolution in Pu is
beyond the scope of this paper. In our previous works, the
behaviors of He-vacancy clusters and the interactions between
points defects and extended defects were studied. In the present
paper, we extend our previous work by using the same compu-
tational methods to research the behavior of small He bubbles
in Pu.

2. Method of calculations
2.1. Molecular dynamics

A complete understanding of the behavior of small He bubble in
Pu requires an atomic-level computer simulation. MD simulation is
an important tool for understanding materials at atomic level. By us-
ing MD simulation, the behaviors of defects in solid materials can be
directly probed. The general methods of MD simulation have been dis-
cussed in great details by a number of authors; thus, we give here only
the specific details of our calculations. In the present MD simulation,
the six-value Gear predictor—corrector algorithm and Nosé constant-
temperature technique [8], with a time step of 1 fs are employed.

The MD simulations consider a periodic cubic cell of 14ay x 14ay x
14ay, where ay is the lattice constant of fcc 8-Pu. The simulation cell
contains 10,976 Pu lattice sites. Several He atoms are initially placed
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in the neighboring interstitial sites. The MD simulations are allowed
to run until equilibrium is reached. As illustrated by our previous re-
search, those He atoms can cluster together by self-trapping mecha-
nism. Then more He atoms are added to the He-vacancy cluster and the
system is again equilibrated. The simulation temperature is chosen as
300K.

2.2. The potentials

The success of the MD simulation lies in the choice of the inter-
atomic potentials of Pu—Pu and Pu—-He. We have developed our own
Pu—Pu EAM potential to reproduce the fcc 8-Pu, and Pu-He Morse
pair potential. In the original EAM model, there are two assumptions
[9]. First, the atomic electron densities are to be well represented by
the spherically averaged free atom densities calculated from Hartree—
Fock theory. Second, the host electron density is approximated by a
linear superposition of the atomic densities of the constituents. These
assumptions are too simple and cannot describe the actual situation
well. Baskes modified it to include direct and bonding in the ex-
pression of electron density, and applied to variety of cubic materials
[10], but the calculations were very complicated. Our group proposed
another modified method [11]. With introducing a modified energy
term M(P) to the total energy expression to express the energy dif-
ference resulting from the electron density difference and to correct
the negative Cauchy relation, a new type of modified analytic EAM
(MAEAM) has been constructed for almost all typical metals [12—
17].

The present MAEAM describes the total energy E, of any structure
as the sum of three terms, a many-body term depending on the local
electron density, a two-body term depending on interatomic distances,
and a modification term to correct for the assumption of the linear
superposition of atomic electron density in the original EAM [14-17]:
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where ¢(r) is the effective two-body potential and F(p) is the embed-
ding energy. The local electron density p; and its second order P; are
determined by a superposition of individual atomic electron densities

f(ryp):
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where m is the number of the neighbor atoms. The atomic electron
density is described by the function f(r):
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where r; is the nearest neighbor atomic equilibrium distance, f(r) is
truncated at ree, ree = r4 + 0.75(rs — r4), where r4 and rs are the fourth

and fifth neighbor distances for a perfect crystal, respectively.
The energy modification term is empirically taken as
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where P, is its equilibrium value.

Table 1

The input physical parameters for the 3-Pu MAEAM potential, « is the lattice
constant, E. the cohesive energy, E1¢ the mono-vacancy formation energy, and
C11, C12 and Cyy are the elastic constants

a (nm) 0.464
E. (eV) 4.2
Eif (eV) 0.9
C11 (GPa) 38.0
C12 (GPa) 26.0
Cy44(GPa) 33.0

The embedding functions of F(p) take the same forms as those used
by Johnson [18]:
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where Fy and n are the model parameters and p. is the equilibrium
electron density.

A Morse-like pair potential is proposed in the frame of our MAEAM.
The proposed pair potential ¢(r) is,
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where k; (i = —1, 0, 1, 2, 3 and 4) is the potential parameters. In the
present model, the atomic interactions up to the third neighbor distance
are considered and ¢(r) is truncated between the third and the fourth
neighbor distance, r. = r3 + 0.75(r4 — r3). At this point, the pair po-
tential and its slope are zero, i.e.

Pr)=0, ¢ (r)=0. (8)

All the model parameters are determined analytically by fitting the
properties of metals, such as lattice constants a, cohesive energy E.,
mono-vacancy formation energy E\¢, and elastic constants Cyy, Cyy,
Cy4. The input physical parameters for Pu [19-21] are listed in Table
1. Although this potential is for pure Pu, the elastic constants and the
mono-vacancy formation energy are taken from a Ga-stabilized Pu 8-
alloy (fcc crystal structure). The Pu EAM potential has been proven
to be effective to a certain extent to reproduce many properties of Pu,
but it cannot reproduce the complicated phase transformations [20,22—
25]and cannot reproduce the unusual phonon softening in 8-Pu. In fact,
many of these difficulties can be corrected only by the most advanced
electronic structure calculation methods, for example, the recently de-
veloped dynamics mean field theory (DMFT) has been succeeded in
reproducing the unusual phonon softening in 8-Pu [21,26,27]. From
the viewpoint of atomic-level computer simulation, the Pu MAEAM
potential can be tentatively used to investigate the atomic behavior of
defects in Pu.

The He—He potential used is of the Lennard—Jones pair potential
[28]:
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where ¢y and ry are the potential parameters. The He—He potential has
been widely used to study He effects in solid materials.
For the Pu-He cross potential, there is no experimental data at all

with which to fit the potential. As is well known, He atom has a filled-
shell electronic configuration and is thus likely to interact with other
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atoms in a simpler way than do metal atoms, in other words, the elec-
tronic effects of He—metals interactions may be negligible. For this
reason, the Pu—He cross potential was modelled as Morse pair poten-
tial:

sl () () o

where ¢y, ro and o are the potential parameters. In order to determine
the potential parameters, we try to compare Pu with other fcc metals
(such as Al, Pd and Ni) whose interaction potentials with He were de-
veloped by using first-principles calculations [29]. We have obtained
the potential parameters by choosing from a variety of values of ¢y, ro
and «. Although the fidelity of the potential parameters is limited, the
Pu—He cross potential is qualitatively feasible for modelling the behav-
ior of He atoms in Pu. Furthermore, the selected potential parameters
are in accordance with the Pu—He dimer potential developed by using
ab initio calculations [30].

3. Results and discussion

We have found that five He atoms in Pu can cluster by
self-trapping mechanism, creating a Frenkel pair and a deeply
bound cluster. The introduction of further interstitial He atoms
produces many more Frenkel pairs. After reaching a certain
He-vacancy size, the punching out of dislocation loop is ener-
getically more favorable. In fact, the punching out of dislocation
can be viewed as the extension of He self-trapping [31,32].

The three-dimensional structure of a bubble containing 216
He atoms is shown in Fig. 1. The initial configuration of inter-
stitial He atoms is very sparse. After MD relaxation, most of
the He atoms cluster together forming a compact He bubble.
Only a few of He atoms are apart from the He bubble, forming
some substitutional He atoms (replacement of Pu atom with He
atom) and some very small He-vacancy clusters. The dynam-
ics process shows that He bubble forms at the beginning of MD
simulation, which implies that initial configuration of interstitial
He atoms is very instable and the equilibrium configuration of
He bubble is relatively stable. The projection of the simulation
cell containing a bubble of 216 He atoms is shown in Fig. 2. The
initial configuration of simulation cell is perfect fcc lattice. Dur-
ing the process of He bubble growth, many Pu atoms around He
bubble are pushed off the normal lattice sites, finally, those Pu
atoms form a distinct dislocation loop, i.e. the rectangle of self-
interstitial Pu atoms around He bubble in the figure. The most
remarkable property of the dislocation loop is that all the Pu
atoms inside the dislocation loop still stay at the normal lattice
sites while the Pu atoms of the dislocation is disorder, as shown
in Fig. 3 where He bubble is not displayed. When He bubble is
removed and the cell is performed MD simulation again, most
of those Pu atoms of dislocation loop approximately come back
to their normal lattice sites and only a few of Pu atoms form
crowded interstitial atoms.

As discussed by many researchers, He bubble in metals may
show a packing structure mainly due to crystal stresses. How-
ever, the structure of He bubble strongly depends on He atomic
density (He-vacancy atomic ratio). We have found that the con-
figuration of He atoms in relatively small He-vacancy cluster
shows fcc-like packing. As for He bubble with high He atomic

Fig. 1. 3D configuration of He atoms before and after bubble formation. The
light gray balls represent the initial sites of He atoms, while the equilibrium sites
of these He atoms are indicated by orange balls.
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Fig. 2. Projection of simulation cell containing a bubble of 216 He atoms. Pu
and He atoms are denoted by gray and orange balls, respectively. The dislocation
loop is indicated by orange circle.
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density, He atoms do not show perfect fcc packing, but He bubble
shows a compact ellipsoidal structure, as revealed in Fig. 4.
The swelling induced by He bubble growth is shown in Fig.
5 as a function of He atomic concentration. The swelling is de-
fined by S = (V — Vy)/ Vo, where V is the equilibrium volume
of the relaxed simulation cell containing a bubble and Vj is
the initial volume in the absence of bubble. For low He con-
centration, swelling increases linearly with increasing He con-
centration. However, swelling does not increase linearly with
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Fig. 3. Projection of simulation cell containing a large dislocation loop. He
atoms are not shown in the figure.
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(a) 216 He atoms

(b) 512 He atoms

(c) 800 He atoms

Fig. 4. 3D configurations of He bubbles and their projections on three planes.
The orange and light gray balls designate He atoms and their projections, re-
spectively. (a) 216 He atoms, (b) 512 He atoms and (c) 800 He atoms.

high He concentration. As is well known, one of very important
macroscopical effects of He in metals is swelling due to He bub-
ble formation and growth. As shown in the figure, the swelling
induced by He bubble in 8-Pu is very small. For 8-Pu, the cumu-
lative rate of He production is about 40 atomic parts per million
per year (appm/year). Even after 40 years of self-radiation aging,
the swelling is still less than 1. From the calculated results, we

100 T T

Helium bubble density: ~10* m®
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Swelling (%)

Calculated data

0.1 1 10 100
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Fig. 5. Calculated results for swelling of Pu containing He bubble.

can infer that swelling due to He bubble is less serious than other
possible mechanism, such as void swelling. In fact, our previous
MD results have indicated that grain boundary and dislocation
can act as sinks and sources of self-interstitial atoms, which may
be a reason for the swelling of Pu after a period of self-radiation
aging because of the higher concentration of vacancy in the bulk.

4. Conclusion

A computational framework based on MD simulations and
EAM potential to investigate the behavior of small He bubble in
8-Pu has been presented. He bubble formation and growth can be
interpreted by dislocation loop punching, which is a very com-
mon phenomenon in metals. The results indicate that formation
of dislocation loop gives rise to an energetically more favor-
able zone for He bubble formation and growth. In addition, the
swelling induced by He bubble may be less serious than other
possible mechanism, such as void swelling. However, as the ex-
traordinary complexity of Pu and its self-radiation aging effects,
more works on the behavior of He bubble are under way.
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