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Abstract

Plutonium aging leads to the creation of decay products, such as americium, uranium and helium and self-irradiation
defects such as vacancies, vacancy clusters, self-interstitials and helium bubbles. As these self-irradiation defects accumu-
late in plutonium–gallium alloys, the lattice parameters of the material change. Thus, this work is an X-ray diffraction
(XRD) study of the lattice parameter changes, such as kinetics and amplitude, as a function of self-irradiation dose for
non-homogenized and homogenized samples. The results have shown no incubation time before the beginning of lattice
swelling. Moreover, whereas the lattice swelling amplitude seems to be influenced by the gallium segregation to the border
of grain in non-homogenized samples, it is not strongly influenced by the gallium concentration. An average lattice para-
meter increase of about 4.5 · 10�3 Å is observed for homogenized alloys at saturation. This equilibrium is achieved after a
dose of 0.1 dpa. A discussion of possible causes leading to these observations and their effects is presented.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.80.�x; 61.82.Bg; 61.72.Dd
1. Introduction

Plutonium metal has six different phases between
room temperature and its melting point (640 �C) at
ambient pressure. However, the high-temperature
d-phase (face-centered cubic structure), stable from
315 to 457 �C, can be held at room temperature
by alloying plutonium with a few atomic percent
of a so-called ‘d-phase stabilizer’ element such as
gallium, aluminum, cerium, or americium. How-
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ever, the plutonium–gallium alloy stabilized in the
d-phase at room temperature is metastable and
undergoes an extremely slow eutectoid decomposi-
tion to a mixture of a-plutonium and Pu3Ga. The
stabilizing mechanisms induced by such additions
are still not understood [1–4].

Additionally, plutonium aging must be taken
into account. Indeed, the a-decay leads to the crea-
tion and recoil of an energetic helium nucleus
(�5 MeV) and a uranium nucleus (�86 keV), both
producing defects such as vacancies, interstitials
and clusters of these. The range of the a-particle
(helium nucleus) in the plutonium crystal is about
10 lm and this induces a displacement cascade
.
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Table 1
Age, theoretical concentration in helium and americium concen-
tration in samples HAPUGA6 and HAPUGA34 before heat
treatment (after 1 year corresponding to 0.1 dpa, 40 appm of
helium atoms are generated)

Alloys Age (dpa) Theoretical He
concentration
(appm)

Americium
concentration
(appm)

HAPUGA6 3.08 1047 6070
HAPUGA34 1.750 592 2720
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which is 0.8 lm in diameter, whereas the range of
the uranium nucleus is much shorter, about
12 nm, and the diameter of the cascade is about
7.5 nm [5]. Combinations between helium atoms
and vacancies may also occur to stabilize vacancies
or vacancy clusters as well as to form helium bub-
bles [6].

The type and concentration of stable defects
strongly depend on temperature since it governs
defect mobility. Therefore, several studies were per-
formed at low temperature to limit the recovery of
self-interstitials, vacancies or vacancy clusters and
thus to analyze the influence of these defects on plu-
tonium properties. Regarding the swelling measured
by X-ray diffraction, the results completely differ
depending on the nature of the plutonium phase.
Whereas swelling is observed at low temperature
for pure plutonium, which is explained by an
increase in the amount of defects in the metal [7–
10], a contraction of the lattice is observed for
plutonium alloys stabilized in the d-phase [11–13].
In the latter case, the contraction was attributed
to an electronic effect. More precisely, it was sug-
gested that a plutonium atom in an interstitial posi-
tion promoted the 5f–6d hybridization of plutonium
atoms leading to a delocalization of the 5f electrons
and consequently to a decrease in the atomic
volume. To investigate this further, electrical resis-
tivity measurements as a function of temperature
were performed on a plutonium–gallium 3.3 at.%
alloy. This experiment provided an identification
of the different stages of migration for the different
defects: stage I occurs from 20 up to 45 K, stage
II from 45 to 150 K, stage III from 150 to 180 K,
stage IV from 180 to 250 K, and finally stage V from
250 to 310 K [14]. Thus, vacancies migration at tem-
peratures above 150 K produces vacancy clusters,
which means that the migration of vacancies and
interstitials induced by a displacement cascade is
very high at room temperature.

Only a few experimental studies have examined
room temperature aging in plutonium alloys stabi-
lized in the d-phase. X-ray diffraction experiments
performed on plutonium–aluminum alloys with
aluminum contents of 11.5 and 12.8 at.% showed
a relative lattice swelling of 10�3 after aging at room
temperature for 10 years. This corresponds to an
increase of about 4.5 · 10�3 Å in the lattice param-
eter [15]. Another work performed by Chebotarev
and Utkina [16] on plutonium–gallium alloys with
different gallium contents found that the lattice
swelling reached a maximum value after 2 or 3 years
and that the relative lattice swelling at saturation
linearly increased with the gallium content in the
alloys. According to Chebotarev and Utkina [16],
the lattice swelling is reversible since annealing the
aged sample above 150 �C restores the initial lattice
parameter. More recent work by Lawson confirmed
Chebotarev’s finding that the increase in lattice
parameter is proportional to the gallium content
[17].

The purpose of this work is to precisely study the
changes of lattice parameter with time for pluto-
nium–gallium alloys with different gallium contents.
This provides a better understanding of the kinetics
and amplitude. Experimental details are reported in
Section 2, measurements are given in Section 3, and
a discussion about the origin of the lattice swelling is
detailed in Section 4.

2. Experimental details

2.1. Samples description

As freshly cast samples were not available for
plutonium–gallium alloys stabilized in the d-phase
with gallium contents of 3.4 and 6 at.%, two aged
alloys were heat treated (called HAPUGA34 and
HAPUGA6). Table 1 shows the age in dpa (dis-
placements per atom; 0.1 dpa corresponds to about
1 year). The helium concentration was calculated
from the isotopic content of the plutonium, and
the americium content was determined by chemical
analysis. Samples were machined into cylinder with
diameters of 10 mm and heights of 2 mm for XRD
analysis. A 200 h heat treatment at 460 �C was then
performed on all the samples under high vacuum
condition (2 · 10�7 mbar) to nearly fully homoge-
nize the solute distribution and to restore the crys-
talline structure. This heat treatment did not affect
the helium, uranium, americium and other impuri-
ties content that were initially present in the
samples.
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Additionally, to study the influence of gallium
distribution on lattice swelling, two freshly cast
plutonium–gallium samples with a gallium content
of 1.9 at.% underwent a 10 h heat treatment at
460 �C to partially homogenize the gallium distribu-
tion and to ensure that both samples were d-
monophased. Because much of the gallium was still
segregated through the grains, these samples were
referred to as ‘cored’. An additional heat treatment
of 200 h at 460 �C was performed on one of the
cored samples to nearly fully homogenize the gal-
lium distribution (the cored freshly cast sample is
called CFPUGA19 and the homogenized freshly
cast one HFPUGA19).

To remove surface oxides and other possible
impurities before each XRD analysis samples were
electropolished at a voltage of 40 V in a cooled bath
(90% ethylene glycol and 10% nitric acid) at a tem-
perature of 266 K. Then, samples were stored under
vacuum between each XRD analysis. All plutonium
handling was performed in a glove box with a circu-
lating nitrogen supply.

2.2. Experimental conditions

XRD experiments were performed using a classi-
cal h/2h diffractometer (Brüker D8 Advance) with
copper radiation. Since the diffractometer was not
in a glove box, samples had to be confined in a
sealed polymer film (called Rilsan�) before charac-
terization in order to avoid contamination. XRD
analyses were performed in the reflection mode with
an X-ray beam energy of 8.048 keV, which probed a
maximum of 2 lm (calculated for 90% of the contri-
bution to the diffracted beam). Thus, only the sur-
face of samples contributed to the XRD diagrams.
To improve the counting statistics, the sample was
rotated during the data acquisition. The detector
used was a positive sensitive detector (Braun), inte-
grating an angular range of 6�, with a 12 lm thick
nickel foil used to remove the Kb radiation. In order
to limit the beam divergence of the primary radia-
tion beam, a slit with a width of 0.2 mm was used.
The diffraction diagrams were recorded at ambient
temperature with a step time of 0.3 s and a step size
of 0.015� from 30� up to 130� in 2h angle. Before
each XRD series of analyses, the calibration of the
device was verified using NIST standard Silicon
(Si 640 c). To determine the peak position, the dif-
fraction peaks corresponding to the d-phase of the
plutonium were fitted with a mathematical function
called split pseudo-voigt using TOPAS 2.1 [18] soft-
ware. The lattice parameters were then refined using
the program Celref 3.0 [19], which is a crystal lattice
parameter refinement program for powder XRD
that is based on a least squares refinement method.
The accuracy of each lattice parameter was deter-
mined from the value of the mean square deviation
obtained after refinement.

3. Results

3.1. Phase analysis

XRD diagrams recorded for HAPUGA6, HAP-
UGA34, CFPUGA19 and HFPUGA19 samples
before aging are presented in Fig. 1. Whatever the
gallium content is, plutonium–gallium alloys are
completely stabilized in the d-phase. As a matter
of fact, no additional phase transition has been
observed during aging (until about 0.4 dpa). The
diffraction peak observed for all sample at 36.5�
(2h) is induced by the presence of the semi-crystal-
line polymer Rilsan� film using as confinement.

3.2. Initial lattice parameter

The lattice parameters, which are determined on
homogenized alloys (HFPUGA19, HAPUGA34
and HAPUGA6), are presented and compared with
the previous published data from Ellinger et al. [20]
in Fig. 2. Our experimental values are in a good
agreement with Ellinger’s data and confirm the
negative deviation from the Vegard’s law. This phe-
nomenon is explained by an electronic effect con-
sisting in a 5f(Pu) and 4p(Ga) hybridization, i.e.
5f electrons states delocalization. More precisely,
it occurred by replacing 6d–5f hybridization by
4p–5f hybridization when a plutonium atom is
substituted to a gallium one. Moreover, the agree-
ment between Ellinger’s data and our results for
HAPUGA34 and HAPUGA6 samples highlights
the total reversibility of the lattice swelling during
heat treatment even if helium, uranium and ameri-
cium atoms remain in the crystalline lattice after
annealing. However, a difference in the initial value
of lattice parameter could be noticed between
homogenized and cored samples (CFPUGA19 and
HFPUGA19) as illustrated in Fig. 2. The lattice
parameter for the cored alloy appears higher than
for the homogenized one, suggesting that the mean
gallium concentration seen by XRD for cored sam-
ple seems to be smaller. As determined by EPMA
(electron probe micro analysis), the cored samples



Fig. 1. XRD diagrams of HFPUGA19, CFPUGA19, HAPUGA34 and HAPUGA6 samples before aging.
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Fig. 2. Lattice parameter of plutonium–gallium alloys as a
function of gallium content. Our experimental values (open
symbols) are compared to Ellinger’s data [20] confirming the
negative deviation from the Vegard’s law and showing a
difference in lattice parameter between cored and homogenized
alloys.
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show a gradient into the gallium distribution
[21,22], the center of the grain being more concen-
trated than the grain boundaries. Then, for XRD
analysis, each diffraction Bragg peak is a convolu-
tion of sub peaks resulting from a same lattice plane
but with a lattice plane spacing slightly different due
to the inhomogeneous distribution of gallium
through the grain. Thus, for a given lattice plane,
the position and the profile of the corresponding
diffraction Bragg peak depends on a few parame-
ters, such as the position, the profile and the
intensity of each sub peak, which are influenced
by defects and lattice microdistortions. Considering
that a same profile is observed for each sub peak,
the resulting position of the diffraction Bragg peak
depends only on the position and the intensity of
these sub peaks. The intensity of sub peaks is
related to the diffracting volume corresponding to
a given gallium content. Since the gallium content
radial distribution decreases from the center to the
grain boundary, it results that the diffracting vol-
ume corresponding to the low gallium content (at
the grain boundary) is enhanced leading to a stron-
ger intensity for the sub peaks corresponding to the
lattice plane of the gallium depleted zones. Thus,
the convolution of those sub peaks gives resulting
diffraction peaks broader than these corresponding
to homogenized alloys with an asymmetric shape,
which mean position tends towards the low 2h
angles and consequently towards greater lattice
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parameters. This effect is characterized by a broad-
ening as well as a shift of the Bragg peaks to the
lower angles as shown in Fig. 1. So, the ‘smaller
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Fig. 3. Change of lattice parameter of fresh cored and homogenized
1.9 at.% alloys as a function of time expressed in dpa.
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for the interpretation of cored plutonium–gallium
alloys aging.
3.3. Change of lattice parameter

Figs. 3–5 show the change of lattice parameter
versus time for the homogenized samples, HFP-
UGA19, HAPUGA34 and HAPUGA6 respec-
tively. These three lattice parameters evolution
seem to have the same shape with time (or self-irra-
diation dose) whatever the gallium content is. More
precisely, the lattice parameter quickly increases
before reaching saturation for a dose of about
0.1 dpa. The experimental data were fitted using
the following mathematical relationship [23–26]:
at ¼ a0 þ Að1� expð�BtÞÞ; ð1Þ
Table 2
Parameters determination after fitting using the relationship at = a0+A
plutonium–gallium alloys

Alloys a0 (Å) A (Å) B (dpa�1) Lat
par
satu

HFPUGA19 4.6235 ± 4 · 10�4 (4.2 ± 0.5) · 10�3 22.1 ± 7 4.6
CFPUGA19 4.6277 ± 6 · 10�4 (1.2 ± 0.6) · 10�3 27.9 ± 32 4.6
HAPUGA34 4.6091 ± 4 · 10�4 (4.5 ± 0.4) · 10�3 18.4 ± 4 4.6
HAPUGA6 4.5880 ± 3 · 10�4 (4.7 ± 0.3) · 10�3 27.3 ± 3.3 4.5
where a0 is the initial lattice parameter, A the lattice
swelling amplitude and B a factor corresponding to
the lattice swelling kinetics.

The results of this curve fitting, given in Table 2,
show that the gallium content does not affect the
swelling amplitude. Indeed, the A factor values are
equivalent for all the three homogenized alloys.
An increase in lattice parameters close to
4.5 · 10�3 Å is observed at saturation. Likewise,
the values of the relative swelling at saturation
(Da/a) are nearly equivalent. Concerning kinetics
of swelling, the B factor values remain close to each
other and do not seem to be influenced by the gal-
lium content. The small difference between the stud-
ied alloys can be explained by the dispersion of data
around the fitted curves.

To study the influence of gallium distribution on
the lattice swelling, cored and homogenized samples
(1 � e�Bt) describing the lattice swelling as a function of time for

tice
ameter at
ration (Å)

Relative swelling
at saturation

Relative swelling at
saturation (Chebotarev and
Utkina [16])

277 ± 5 · 10�4 (9.1 ± 2) · 10�4 4.0 · 10�4

289 ± 6 · 10�4 (2.6 ± 2.6) · 10�4 –
136 ± 4 · 10�4 (9.8 ± 1.7) · 10�4 7.25 · 10�4

927 ± 3 · 10�4 (10.3 ± 1.3) · 10�4 13.1 · 10�4
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(CFPUGA19 and HFPUGA19) were characterized
by XRD as a function of time just after casting. The
evolution of lattice parameter versus time is pre-
sented in Fig. 3 for both samples and the data
resulting of the curve fitting are given in Table 2.
Results show a difference of lattice swelling ampli-
tude of 3 · 10�3 Å, corresponding to the difference
between AHFPUGA19 and ACFPUGA19.

4. Discussion

The measurements of change of lattice parame-
ters for the three studied plutonium–gallium alloys
revealed a lattice swelling with no incubation time.
This lattice swelling suggests that the defects are
randomly distributed and their concentration is suf-
ficient to influence the long range order. As a matter
of fact, an increase in the lattice parameter with time
may be attributed to an increase in the defects con-
centration rather than an increase in defect size,
which would not affect the lattice parameter. As
the samples aged at room temperature, the individ-
ual self-interstitials and self-interstitial clusters
might not attend since these defects migrate through
dislocations or grain boundaries from 20 to 150 K
during the stage I and II [14]. Moreover, vacancy
activation, vacancy clustering and impurity interac-
tions and finally vacancy clusters dissolution occur
within the range 150 and 310 K (stages III, IV and
V). Then, at room temperature this suggests that,
mainly vacancy clusters contribute to swelling. A
combination between helium atoms and vacancies
can also occur since helium atoms stabilize vacan-
cies or vacancy clusters [6]. Lattice swelling would
then be induced by these vacancy type defects.

Saturation, which is reached for about 0.1 dpa,
could then be the result of a competition between
production rate of these defects and their recovery,
which leads to an equilibrium. Moreover, an over-
lap of displacement cascades might also occur. This
phenomenon can anneal the defects induced by a
previous displacement cascade, which would lead
to a constant number of defects, i.e. saturation of
the lattice swelling. Taking into account the rate
of the a-decay of plutonium-239 (about 2.3 ·
109 Bq g�1) as well as the observed saturation at
0.1 dpa, the calculated diameter of the displacement
cascade could be estimated at 12 nm, which is
relatively closed to the value of 7.5 nm previously
published by Wolfer [5]. For the three studied
homogenized alloys, the saturation of swelling is
reached for 0.1 dpa. This value is at least twice fas-
ter than the results reported by Chebotarev and
Utkina [16] who claim a saturation after 2.5 years,
which corresponds to about 0.25 dpa. The swelling
has also been investigated at a macroscopic scale
in previous studies. Caturla et al. [27] performed
kinetic Monte Carlo simulations to study the evolu-
tion of microstructure in irradiated fcc metals with
the presence of helium. This modeling showed an
increase in swelling at a macroscopic scale. In an
other way, the macroscopic swelling has also been
experimentally measured by optical fiber Bragg
grating dilatometry on a plutonium–gallium 1.9
at.% alloy [28]. During a transient period that lasted
until about 0.1 dpa, sample length increased (Dl/l
�10�4 at 0.1 dpa) and then the swelling continued
but less rapidly following a linear trend [29]. No sat-
uration is then observed. The origin of the different
behavior of macroscopic and microscopic swelling is
not fully understood yet even if it might be related
to the increase in larger defects number such as
helium bubbles.

Regarding the microscopic swelling investigated
in the present work, in the studied range of gallium
content, the amplitude of lattice swelling is not
influenced by the gallium concentration and an
average difference of about 4.5 · 10�3 Å is obtained
at saturation for homogenized alloys. These results
are different from those published by Chebotarev
that showed an increase in the relative lattice swell-
ing with the gallium content as shown in Table 2.
However, these results can be compared with those
obtained on 10 years old plutonium–aluminum
alloys with an aluminum content of 11.5 and
12.8 at.% that aged at room temperature [15]. These
show a relative lattice swelling of 10�3 correspond-
ing to a difference in lattice parameter close to
4.5 · 10�3 Å. A direct comparison can be performed
between plutonium–gallium and plutonium–alumi-
num alloys because the stabilization of the d-phase
is the result of a 5f(Pu) and 3p(Al) or 4p(Ga)
hybridization, the configuration of valence electrons
for both solutes being equivalent. To understand the
absence of gallium influence on the lattice swelling,
EXAFS experiments performed at different temper-
atures by Allen et al. [3] can be considered. This
technique allowed to determine the pair-specific cor-
related-Debye temperature which are 110.7 ± 1.7 K
and 202.6 ± 3.7 K for Pu–Pu and Ga–Pu pairs,
respectively, in a plutonium–gallium 3.3 at.%. alloy.
Because the Debye temperature can be related to a
measurement of lattice stiffness, these results indi-
cate that the Ga–Pu bonds are significantly stronger
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than the Pu–Pu bonds. Thus, during self-irradia-
tion, the probability to find stable vacancies around
plutonium atoms may be statistically more impor-
tant than around gallium atoms since it is more dif-
ficult to break Ga–Pu bonds. Thereby, in the range
of gallium content studies, from 1.9 to 6 at.%, the
gallium content may not strongly influence the
self-irradiation defects.

Regarding the coring effect on the alloys aging,
the different swelling amplitude for cored and
homogenized alloys tends to prove that either the
inhomogeneous gallium distribution might influence
the nature and the distribution of the defects in the
lattice, which can change the lattice swelling, or the
inhomogeneous gallium distribution disturbs the lat-
tice parameter determination by XRD analysis
masking the self-irradiation effects as discussed for
cored and homogenized alloys before aging.

Regarding the americium effect, previous studies
performed by XRD on plutonium–americium alloys
[30] highlighted an increase in lattice parameter with
increasing americium content, due to both the steric
and electronic effects. However, the contribution of
americium-241, resulting from the b� decay of plu-
tonium-241 present in the plutonium–gallium alloys
studied is not taken into account. Indeed, after an
aging corresponding to 0.2 dpa, an americium con-
tent of only 240 appm is generated. That leads to
a lattice swelling of 8 · 10�5 Å, negligible compared
with the swelling at saturation which is close to
4.5 · 10�3 Å.

The lattice swelling origin may be not completely
explained by a steric effect induced by the presence
of vacancy type defects. Effectively, a much smaller
lattice swelling is observed for aged plutonium–
americium alloys with an americium content from
8 up to 20 at.% [29]. In a plutonium–americium
alloy, the d-phase stabilization is induced by a local-
ization of the Pu 5f electrons whereas a 5f(Pu) and
4p(Ga) hybridization is at the origin of the d-phase
stabilization in plutonium–gallium alloys. The dif-
ference of lattice swelling under self-irradiation sug-
gests that some electronic effects could eventually
contribute to the lattice swelling. Besides, a change
of electronic structure during self-irradiation was
already observed through magnetic susceptibility
measurements performed at low temperature on
plutonium–gallium and plutonium–americium
alloys [31,32]. Moreover, resonant photoemission
experiments performed on a new and aged pluto-
nium–gallium alloy stabilized in the d-phase sug-
gested differences particularly at the Fermi level
which has a strong 5f character [33]. Thus, a study
of the possible modifications versus time of the elec-
tronic structure of plutonium–gallium alloys studied
in this work should be investigated to complete this
structural approach presented here and could help
to better understand the lattice swelling.

5. Conclusion

Results of the lattice swelling for plutonium–
gallium alloys with different gallium contents have
been reported allowing a better description of the
aging effects at the crystalline lattice scale. The most
important results show no incubation period before
the beginning of lattice swelling and in the same
time the saturation of lattice swelling occurs for a
dose of about 0.1 dpa. Moreover, in the range of
gallium concentration studied, the lattice swelling
amplitude does not seem to be affected by the gal-
lium content. This has been attributed to a higher
probability to find stable vacancies around pluto-
nium atoms than around gallium atoms, suggesting
that vacancies would tend to increase the cell
volume inducing a microscopic swelling. This last
point has to be confirmed through studies of the
nature of the defects using transmission electronic
microscopy or positron annihilation spectroscopy.
Moreover, studies of the nature of the defects would
allow to link the microscopic and macroscopic
swelling. Indeed, the saturation of the lattice swell-
ing suggests that the evolution of the lattice param-
eter seems to be not very sensitive to large defects
such as cavities or helium bubbles, which could be
revealed dominating at the macroscopic scale.

Finally, beyond a structural approach, the influ-
ence of the electronic structure will have to be con-
sidered to complete this work and to better
understand the lattice swelling.
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