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bstract

The plutonium �-decay leads to the formation of numerous defects, which affect physical properties. This work presents swelling measured
oth at the macroscopic and microscopic scales on �-Pu alloys, together with a characterization of defects by positron annihilation spectroscopy
PAS). Swelling seems to depend on deltagen element and/or on �-decay rate, and differences are observed between macroscopic and microscopic

welling. PAS results suggest that the concentration of vacancy clusters increases at the early stages of aging. Simulation of displacement cascades
erformed by molecular dynamics revealed a very long time (a couple of nanoseconds) to reach thermalization, contrary to what is observed in
ther fcc metals.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Plutonium remains the most peculiar element of the peri-
dic table. It lies at the boundary between the light actinides
with delocalised 5f electrons) and the heavy actinides (with
ocalised 5f electrons). This induces special behaviours such as,
or instance, the occurrence of six allotropic phases transitions at
mbient pressure associated with large volume changes. At room
emperature, plutonium crystallises in the monoclinic phase (�)
ut can be stabilised in the fcc phase (�) by adding “deltagen”
lements such as aluminium, gallium, americium or cerium. The
lutonium decay leads to the creation and recoil of uranium and
elium ions, which produce defects through displacement cas-
ades. These self-irradiation defects tend to change plutonium
roperties.

Complex electronic structure of pure and even more �-Pu

lloys adds another difficulty since for example, modeling of dis-
lacement cascades using molecular dynamics requires specific
nteratomic potentials [1]. Moreover, the difficulty in handling
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lutonium explains the lack of data on the properties of self-
rradiation defects.

Self-irradiation phenomena in �-Pu alloys are then unique
nd understanding aging in plutonium alloys remains a real chal-
enge that requires the development of very ambitious modeling
nd experiments, as detailed in the following.

First, the observed effects of aging on physical properties
f different �-Pu alloys are presented. Predicting these effects,
hich is the following step, goes through their description at a
ery fine scale, which requires the coupling of modeling and
xperiments. A multi-scale approach, both experimental and
heoretical, is then presented.

. Experimental details

.1. Alloys studied

�-Pu alloys stabilized with different deltagen elements (gallium and ameri-
ium) were characterized. PuGa alloys were synthetized at CEA Valduc. After

nduction melting and cooling down to room temperature, a heat treatment at
33 K during 200 h under secondary vacuum was performed on the samples to
omogenize the solute distribution. PuAm alloys were prepared at the Institute
or Transuranium Elements by arc melting and were casted into copper moulds
nd then cooled down to room temperature. For all the �-Pu alloys mentioned,
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this work, microscopic swelling was carefully followed on
fully homogenized PuGa alloys with several gallium contents
(1.9, 3.4 and 6 at.%), measurements were performed in labora-
tory on a D8-Brüker diffractometer. Lattice parameter starts to
06 N. Baclet et al. / Journal of Alloys a

-ray diffraction (XRD) revealed �-monophased alloys. Rather sharp XRD
eaks suggested a good homogeneity in solute distribution. This was confirmed
n the PuGa alloys through quantitative concentration profiles determined by
lectron probe microanalysis.

.2. Swelling measurements

Both types of swelling were investigated versus time, which is expressed
ereafter in units of displacements per atom (dpa). For the PuGa alloys studied
ere, 1 dpa corresponds to about 10 years aging. Macroscopic swelling (�L/Lt=0)
as measured by optical fibre Bragg grating sensor [2]. In order to be able to
bserve a significant change in swelling through the Bragg grating sensor, the
bre was carefully stuck in a grove of the sample [3]. The sample equipped with

he optical fibre was then introduced in a furnace and this device was placed in
love box. The time dependence of the sample elongation was followed under
sothermal conditions. Microscopic swelling was observed by XRD through the

easurement of the change in variation of the lattice parameter versus time
�a/at=0). Experiments were performed both in laboratory (on a classical D8-
rüker diffractometer or on a rotating anode) and at European Synchrotron For
adiation Facility (ESRF, Grenoble).

.3. The positron annihilation spectroscopy technique (PAS)

Depending on the sample depth to be probed, numerous techniques are
vailable to study point defects in materials. However, due to radiotoxicity,
apid oxidation or nuclear stability of 239Pu, some techniques had to be dis-
issed, including: (i) transmission electron microscopy, requiring very thin

amples (sensitive to oxidation), which precludes confinement, (ii) small angle
eutron scattering, only applicable to 242Pu isotope, less fissible but not read-
ly available and (iii) small angle X-ray scattering, as the defect contribution
n the confinement could not easily be separated from that of the plutonium
ample.

In contrast, PAS allowed remote detection (i.e., outside a glove box) of
amma photons resulting from positron annihilation, and hence the use of an
asy sample confinement. A standard “sandwich” configuration consisting of a
2Na positron source inserted between two plutonium samples was confined in an
luminium box, which in turn was enclosed in a plexiglas box. These operations
ere done in a glove box. The sample holder was then sealed between two
olymer sheets, ready for measurements on the lifetime spectrometer.

The basic principles of the related techniques have already been described
ong ago, for instance by West [4]. A positron implanted in the material is sensi-
ive to the electronic density and hence to the presence of vacancy-type defects,
hich trap the thermalised positive probe and strongly affect its lifetime. In this

tudy, we mainly used the positron lifetime technique, which in principle, can
ssociate a specific lifetime component (τi) to a specific defect (trap) size or type
, with a contribution (Ii) proportional to the defect concentration. For several
ypes of traps, the mean lifetime can therefore be defined as: τmean = �τiIi.

. Experimental evidence of aging effects

.1. Macroscopic and microscopic swelling

Swelling is often the most obvious consequence of radiation
amage, whatever the material (fuel, irradiated steel, . . .) and
he scale of observation.

Few data have been published concerning the continuous fol-
owing at room temperature of macroscopic swelling of �-Pu
lloys. In this work, measurements were performed on a PuGa
.2 at.% alloy. After a transient period, that lasted until ∼0.1 dpa,
acroscopic swelling follows a linear trend. The latter part is
ttributed to helium bubbles [5], whereas two hypotheses are
till proposed to explain the transient part: emergence of precip-
tate Pu3Ga [6] and contribution of vacancies [7]. To go further,
icroscopic swelling was followed versus time.
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Microscopic swelling was first reported in PuGa alloys
y Chebotarev and Utkina [8], who indicated a saturation in
welling after about 2.5 years and a swelling at saturation
hat followed a positive linear trend with gallium content. In
ig. 1. Change in lattice parameter vs. time for �-PuGa alloys: (a) 6 at.%, (b)
.4 at.% and (c) 1.9 at.%.
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Table 1
Characteristics of the �-PuAm alloys studied

Am content (at.%) �-Decay rate (s−1 g−1) Number of �-decays g−1a 237Np contenta (at.%) U contenta (at.%)

0 2.6 × 109 –
8 12.7 × 109 4 × 1017 0.1 0.028

15 21.2 × 109 6.7 × 1017 0.18 0.026
18 25 × 109 7.9 × 1017 0.21 0.026
2 17
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4 32.4 × 109 10.2 × 10

a When characterization of the samples done.

ncrease immediately after casting, and tends to saturate after
nly 0.08 dpa, as shown in Fig. 1 for the three PuGa alloys [9].
RD data revealed a large amount of scatter compared to dilato-
etric data. This can be explained by the difficulty in fitting the
RD pattern with an ideal face centered cubic structure whereas

he cubi structure of �-PuGa alloys is distorted [9]. The lower the
allium content, the stronger the lattice distortion. This led to a
imited accuracy for the lattice parameter and to the strong scat-
er observed. Absolute swelling at saturation (�a = asat − at=0)
oes not depend on gallium content for the range of gallium
ontent studied, and �a ∼ 4.5 × 10−3 Å. The relative swelling
�a/at=0) increases with gallium content since the higher the
allium content, the lower the lattice parameter at=0.

Change in lattice parameter with time was also determined
n several 7-year old �-PuAm alloys (241Am content ranging
rom 8 to 24 at.%). XRD measurements were performed both
n laboratory on a rotating anode and at ESRF, and data were
imilar. Due to the limited size of the samples (mass ∼ 5 �g),
elf-heating of the samples was negligible. As only aged sam-
les were available, the reference lattice parameter was deduced
rom measurement on the aged samples after a heat treatment
f 6 h at 450 ◦C which annealed the structural defects such
s vacancies, interstitials, but which did not affect the chemi-
al defects such as uranium and neptunium. Due to the short
alf-time period of 241Am, self-irradiation defects appeared
t a higher rate in the PuAm alloys compared to the PuGa
lloys, as indicated in Table 1. This means that the equiva-

ent age of each PuAm sample was different regarding dpa.
attice swelling reached saturation after about 0.08 dpa which
orresponds to 5.4 × 1016 �-decays g−1, as observed for PuGa
lloys; one could then assume that saturation was reached for
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Fig. 2. Lattice parameter for aged and annealed alloys (left) and differ
0.28 0.025

ll the PuAm alloys studied. For PuAm alloys with 8, 15 and
8 at.% Am, the swelling of lattice parameter was lower than
or PuGa alloys, and the PuAm 24 at.% alloy even showed a
ontraction with aging, as presented on Fig. 2. The different
rend in lattice swelling for PuAm alloys could be partially
ttributed to the difference in chemical composition, and espe-
ially to the neptunium content, as indicated in Table 1. The
ate of �-decay, which is different for the PuAm alloys and
etween PuAm and PuGa alloys (see Table 1) could also influ-
nce the amplitude of swelling, as already observed for other
rradiated materials [10]. More precisely, we can consider the
o-called “peak swelling” curve, which describes the amplitude
f swelling versus temperature at which the sample ages. For
ll the �-Pu alloys studied, we assume that the sample aged
t room temperature. A change in the americium content, that
s a change in the rate of �-decay can shift the peak-swelling
urve and then modify the amplitude of swelling for the different
lloys.

Whereas, both PuGa and PuAm alloys have the same crys-
allographic structure, their behaviour regarding microscopic
welling during aging appears significantly different and is not
ully understood yet. Moreover, microscopic and macroscopic
wellings of PuGa alloys show a different behaviour versus
ime. Whereas, after a transient period, microscopic swelling
aturates (after about 0.08 dpa), macroscopic swelling follows
linear trend. This suggests that swelling might be the sum

f several contributions that affect differently macroscopic and

icroscopic scales. This reveals that it remains necessary to

etter understand the origin of swelling, which requires a fine
escription of the defects formed during aging. Characterization
f defects at early stages was then investigated by PAS.

ence in lattice parameter (right) for �-PuGa and �-PuAm alloys.
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ig. 3. Evolution vs. time, for a �-PuGa 1.9 at.% alloy: (a) mean positron lifetime
nd (b) macroscopic �L/L (black squares) and microscopic �a/a (open circles)
welling (right), measured by dilatometry and XRD, respectively.

.2. Characterization of defects

Only the mean lifetime τmean as deduced from positron
nnihilation spectroscopy is presented in Fig. 3, since analy-
es of lifetime spectra could not allow a reliable deconvolution
nto several possible components. While enough vacancy-type
efects are produced (even at low dpa values) to ensure that all
ositrons are trapped, those with the largest trapping efficiency
ill provide the dominant contribution to the mean lifetime.
he increase of τmean can be associated with an increase in the
oncentration of vacancy clusters and/or an increase in size of
acancy-type defects. Microscopic swelling, as deduced from
RD, increases on the same period of time. As XRD is sen-

itive only to long-range order, a change in lattice parameter
uggests that a sufficient number of (small) defects have been
reated, whereas a limited number of (large) defects would not
ffect lattice parameter but would deform the lattice, resulting in
-ray line broadening. The coupling of PAS and XRD measure-
ents then suggests an increase in the concentration of vacancy

lusters. PAS measurements at longer times are necessary to
onfirm this first interpretation and to follow the emergence of
elium bubbles.

Even if the description of this first stage of defects cre-
tion is essential to understand further evolutions, it remains
ecessary to quantify the changes in physical properties, espe-

ially swelling, for much longer periods, for which samples
re not available. A multi-scale (time and space) modeling
f self-irradiation effects was therefore developed to predict
he changes. The prime aim was to compare modeling and
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xperiments regarding the swelling data. Moreover, multi-scale
odeling might unveil the presence of specific defects required

or a more realistic assessment of aging phenomena, and in turn
lso suggest additional specific experiments for their character-
zation.

. Aging multi-scale modeling

Aging involves different time and space scales which range
rom atomic and nanoseconds to macroscopic and years, and
annot be described by a single molecular simulation method.
onsequently, a multi-scales approach, both in time and space,
as developed to study self-irradiation damages by computer

imulations. This approach combined molecular dynamics (MD)
or the atomic scale, mesoscopic Monte Carlo (MC) and kinetic
ate calculations (KR). The formation of primary defects was
alculated using MD simulations of displacement cascades. Fur-
her diffusion and recombination process of the defects formed
ere studied with mesoscopic MC simulations. It must be noted

hat the input parameters of MC simulations were not only the
umber of defects formed during displacement cascade, but also
patial distribution of defects and their ability to form clusters;
hese characteristics could only be reached by MD computer
imulations.

The success of the modeling lies in the ability of the inter-
tomic potential to reproduce physical properties of plutonium
pure or alloyed). Ab initio calculations were used to determine
roperties such as elastic constants, bulk modulus and relative
hase stability that were essential input data for the interatomic
otential used for MD calculations [11].

Both uranium and the � particles produced by plutonium
ecays give rise to lattice defects through displacement cas-
ades. Most of these defects are due to uranium carrying a kinetic
nergy about 64 keV available for cascades [12]. The forma-
ion of primary defects following plutonium decay is obtained
hrough MD simulations of displacement cascades due to ura-
ium. Displacement cascades were calculated using MD with a
rogressive increase in the energy of the recoil atom.

First, results were obtained for 10 keV PKA energy in the
10 5 2〉 and 〈10 2 5〉 directions [13]. Both cascade behaviours
ere very similar. For the two directions, the ballistic phase

asted about 4 ps. About 4500 Frenkel pairs were created at the
allistic peak and approximately 1700 remained at 0.1 ns. The
omplete annealing of the cascade core was quite long putting
n evidence that plutonium does not behave like any other fcc

etals [14]. Computing the spatial expansion and repartition of
efect microstructures reveal that, from the first stage, displace-
ent cascades led to the formation of an amorphous core of
nm average radius with approximately 5000 Frenkel pairs. At

he end of the defects recombination stage, which took place on
long time scale (a couple of nanoseconds), only a few intersti-

ials remained out of the melting zone with an equal number of
ono-vacancies within the melting zone. These results did not
irectly compare to PAS measurements since the time scale was
uch shorter here.
Further diffusion of the defects formed will be described with

onte Carlo approaches (kinetic and mesoscopic) that allow
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[11] G. Robert, A. Pasturel, B. Siberchicot, Phys. Rev. B 68 (2003) 75109.
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o calculate swelling induced by the remaining defects, and to
ompare directly to experimental swelling. In parallel, a more
henomenological approach, based on kinetic rate equations
as been developed and first results compared to experimental
acroscopic swelling [7].

. Conclusions

The complexity of self-irradiation effects in plutonium alloys
equired the development of a multi-scale approach, both theo-
etical and experimental, to better understand the origin of the
hanges in physical properties and even to predict aging effects
t longer times. MD modeling revealed that results on plutonium
re quite different from those on usual fcc metals and showed
he necessity to use acceleration scheme to achieve these cal-
ulations. MC simulations must also be performed to describe
igher time scales, and to compare directly with experimental
ata such as swelling.

As self-irradiation involves very tiny effects, dedicated tech-
iques were developed to quantify these effects. Results were

resented regarding swelling at macroscopic and microscopic
cales on �-Pu alloys, suggesting a different contribution of
efects depending on the scale and a possible influence of rate
f �-decay. PAS was proved to be a useful technique to identify

[
[

[
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he defects formed at a very fine scale and further experiments
re necessary.
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