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For understanding singular properties of plutonium, there is a need in studying the average and local
atomic structure in Pu alloys. To study the local structure of the d phase, a pair distribution function
(PDF) analysis was done and has shown some significant differences with the average structure.
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1. Introduction

The delta phase of plutonium is stable between 319 �C and
451 �C but can be held at room temperature by alloying plutonium
with delta phase stabilizer elements such as: Al, Ga, Ce and Am.
Delta stabilized plutonium alloys are solid solutions where the sol-
ute atoms substitute plutonium atoms in the face-centred cubic
structure [1–3]. In the solubility range of solutes, the extent of
the delta phase stability can be strongly affected by the variation
of parameters such as the temperature or the pressure [2,3] leading
to martensitic transformation. Moreover, the delta-stabilized Pu al-
loys have odd physical proprieties such as changes of the thermal
expansion coefficients or increases of the electrical resistivity
down to �173 �C. To gain understanding of these properties, it is
necessary to study the local atomic structure in the Pu alloys be-
cause the physical properties of many complex materials may be
related to the local disruption in the atomic arrangement [4,5].

Classical X-ray diffraction suits to describe the average crystal-
line structure (long-range order). So when the materials are locally
disordered or crystallized in nanostructure, this technique is not
adapted to analyze those local arrangements. Conversely, absorp-
tion studies by using EXAFS allow to accede to very short-range
information (about 8 ÅA

0

), but the information about 2nd or 3rd
neighbours quickly falls off for d-Pu alloys. Thus, the pair distribu-
tion function (PDF) analysis appears as an interesting alternative
since this type of analysis gives local information on short and
medium range distances [6] and is so well adapted to structural
investigations such as the difference of atoms location from their
ideal position in the lattice, the presence of nanodomains.

First widely used for the characterization of amorphous and li-
quid samples [7], the PDF analysis has been extended to the study
of crystalline materials owing to the progress in synchrotron
sources, pulsed neutron sources and computer technology [6].
Actually, PDF analysis is a total scattering technique that takes into
account both Bragg and diffuse scattering and gives information in
ll rights reserved.
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the real space on various length scale. The Bragg peaks contain
information about the crystal periodicity, namely the long-range
order, whereas the diffuse scattering is the result of local atomic
displacements from the ideal positions in a perfect crystal. PDF is
in fact the reduced pair distribution function G(r) which is defined
by the following below equation:

GðrÞ ¼ 4prq0½gðrÞ � 1� ¼ 2
p

Z 1

0
Q ½SðQÞ � 1� sinðQrÞdQ ; ð1Þ

where qo is the average number density, g(r) is the pair distribution
function, r is the distance, Q is the wavevector and S(Q) is the total
scattering structure function. The G(r) function has the great advan-
tage to be able to be determined by a direct Fourier Transform from
the intensity data without any other information on the material.
Moreover, the amplitude of the oscillations gives a direct measure
of the structural coherence of the sample.

Thus, the purpose of this work was to characterize the local
atomic structure of a d-stabilized Pu–Al alloy by applying PDF anal-
ysis on a total diffuse scattering pattern corresponding to collected
data with high-energy X-rays. Details in data collection, PDF calcu-
lation and a discussion on the observed differences between local
and average structure are developed.

2. Experimental details and data analysis

2.1. Sample preparation

A d-Pu alloy with a concentration of aluminium of 3 at.% was
prepared by hot casting. The cast rod was first cut in plates of
300 lm thick. Subsequent vacuum anneal for 200 h at 450 �C was
performed in order to homogenize the distribution of Al atoms [8]
and the homogenisation of the sample was confirmed by metallo-
graphic observation. An adequate sample with dimensions of
140 lm � 140 lm � 100 lm had to be prepared to limit the radio-
activity as required by the ESRF. In view of that, the first step of the
sample preparation was to cold roll the homogenized plates of
300 lm down to a thickness of 140 lm. But the cold rolling process
induced a plastic deformation of the grains of about 53%. Thus, a
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heat treatment for 20 h at 450 �C was performed in order to anneal
internal stresses that would have been harmful for the further anal-
ysis. Afterward, the stress-free plate was electropolished to remove
surface oxides as well as other possible impurities at a voltage of
40 V in a cooled bath (90% ethylene glycol and 10% nitric acid) at
a temperature of �7�C and cut down to 140 � 140 � 100 lm3 un-
der a microscope. As a final step, the sample was positioned in spe-
cifically designed sample-holder made up of iron–nickel alloy and
recovered by two layers of adhesive Kapton foils of 60 lm thick
to avoid Pu contamination. Handling was done in gloves-boxes un-
der pure argon-atmosphere in order to avoid significant surface re-
oxidation after electropolishing. Eventually, the PuAl sample en-
closed in the sample-holder was controlled using an a radiation
detector to ensure that it was not contaminated with plutonium
dust. In addition to PuAl sample, a blank sample and a Si-powder
sample were also prepared. The blank sample corresponds to the
Fe–Ni sample-holder enclosed between two Kapton foils without
PuAl alloy. Its use allowed the scattered signal of the sample-holder
to be removed in order to only restrict the PDF analysis to the scat-
tered signal of PuAl alloy. The Si powder was used to accurately
determine the wavelength and to calibrate the sample-to-detector
distance.

2.2. Data collection

A total X-ray scattering experiment was performed using high-
energy X-rays of 88.9 keV (k = 0.139455 Å). Measurements were
carried out in the flat plate transmission geometry at room temper-
ature and ambient pressure on the ID15B beamline at the ESRF
(European Synchrotron Radiation Facility). The wavelength of the
incident beam was selected using a monochromator made up of
slits. Front slits were used to bring the beam size down to about
100 lm. The scattered signal was collected using a two-dimen-
sional image-plate detector Mar345. As PDF calculation is a Fourier
Transformation of the total scattering function S(Q), the data had
to be recorded on an as large as possible Q-range in order to avoid
large ripples, which could interfere with the structural information
in the PDF. Thus, the high-energy incident beam of 88.9 keV allows
to reach a high Q value of about 90 Å�1. However, the use of
the Mar345 detector physically limits the acquisition to Qmax =
33.7 Å�1 because the image-plate camera is a round disk with a
usable diameter of 345 mm. On the other hand, this detector has
the main advantage to allow a data collection with very short
counting time and an improvement of the counting statistic
(about 5–10 s per image) compared with conventional X-ray detec-
tors [9]. The experiments were performed at three different sam-
ple-to-detector distances (Dsd = 173.637 mm, 443.637 mm and
1143.631 mm). These distances, respectively, correspond to Q-
ranges of 3.9–33.7 Å�1, 1.9–16.4 Å�1, 0.8–6.6 Å�1. The highest Dsd

distance gives accurate information at low Q-range where the most
well-defined Debye rings, namely the Bragg’s peaks, are observed.
The shortest Dsd distance allows the diffuse scattering to be col-
Fig. 1. Images obtained by varying t
lected (high Q-range). The intermediate Dsd distance is required
for a better accuracy of the three data sets merging during the
determination of the experimental PDF. Each measurement was
carried out 10 times for the three distances Dsd in order to improve
the counting statistics. Fig. 1 shows the images obtained for the
different sample-to-detector distances.

2.3. PDF extraction

The images collected with the Mar345 detector were first con-
verted into numerical data providing intensities versus scattering
angles using the Fit2D program [10]. Then, corrections of detector
angular tilt, polarization and position of the beam center, were ap-
plied. For a given Dsd distance, the correction parameters were
accurately defined for one image and applied to the other images
recorded in the same experimental conditions. Afterward, the
intensities files were added and the resulting files corresponding
to the three distances Dsd of measurement were merged using
the PDFgetX2 program [11] (Fig. 2). Then, the intensity was normal-
ized with respect to the incident flux, namely the monitor counts,
measured using the first ion chamber. In order to determine the to-
tal scattering structure function S(Q), the most relevant corrections
such as the container absorption (‘container’ refers to the blank
sample), the sample self-absorption, the Compton scattering and
the Laüe diffuse scattering were also applied. Then, the Fourier
transformation allowed eventually to lead to the determination
of the reduced pair distribution function G(r).

2.4. Classical X-ray diffraction refinement

In order to verify the quality of the diffraction pattern I = f(2h),
we have performed a classical Rietveld refinement in reciprocal
space of the Pu-d phase with the software FullProf [12]. The pre-
ferred orientation function selected is the exponential one:
Phkl ¼ exp½G1 � a2

hkl�, where G1 is an adjustable parameter and ahkl

is the angle between the scattering vector and the normal to the
crystallites (plate morphology). Table 1 summarizes the refined
parameters of the best refinement obtained and the refined pattern
is drawn on Fig. 2. This XRD refinement highlights that there is
only one crystalline phase that diffracts in our sample (Pu-d). Fur-
thermore, it has proved that there is only a weak preferred orien-
tation effect as the value of the preferred orientation parameter G1

is close to 0 (G1 = �0.068), and as the refinement without any pre-
ferred orientation leads to similar results (Fig. 2).

2.5. Real space Rietveld refinement

For extracting structural information from the PDF, a real space
Rietveld analysis was performed. This approach is similar to the
conventional Rietveld refinement and therefore the refined param-
eters are exactly the same. Nevertheless, the fundamental differ-
ence results from the fact that the structural refinement is
he sample-to-detector distance.



Table 1
Results of the Rietveld refinement.

2h fit range: 1.05�–8.30� k = 0.139455 Å
Agreement factors: Rwp = 4.35% RBragg = 0.97% RF = 1.04%
Cell parameter: a = 4.6294 (4) Å Isotropic Debye-Waller factor: Biso = 2.07 (15) Å2

Zero point = 0.0027 (5)� Preferred orientation: G1 = �0.068 (4) in [001]
direction

Profile parameters (pseudo-Voigt): U = 0, V = 0.031 (2), W = �0.00029 (5),
g = 0.13(9), X = 0.029(27)

Fig. 2. Merging I(2h) of the three data files recorded at different Dsd using PDFGetX2 and the comparison between experimental pattern of PuAl3.0% (Iobs), the best calculated
one (IPref) and the calculated one without any preferred orientation (INoPref).

Fig. 3. Fit of the G(r) by the average structure using PDFGui (circles are the
extracting PDF from data, solid line is the calculated PDF from model, the difference
between the model and the sample is plotted under those curves).
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performed on the short-range order namely the local structure
which can be slightly different from the average structure. Thus,
from a structural model, allowing to calculate the reduced pair dis-
tribution function G(r) using the relation (2), a real space Rietveld
refinement can be undertaken

GcalcðrÞ ¼
1
r

X
i

X
j

bibj

hbi2
dðr � rijÞ

" #
� 4prq0; ð2Þ

where r is the distance, bi the atomic scattering factor of the atom i
and qo the density number. For the real space Rietveld refinement of
the studied PuAl alloy PDF the PDFGui program was used [13]. Pu
atoms were placed in the fcc structure (space group Fm-3m) in
accordance with the structure of the d phase. The refined parame-
ters are the lattice parameter, the scale factor and the isotropic ther-
mal displacement uii, the linear atomic correlation factor (d1), and
the Gaussian dampening envelope due to limited Q-resolution
(Qdamp). The results of the real space Rietveld refinement are sum-
marized in Table 2 and the refined PDF is shown in Fig. 3.
Table 2
Results of the real space Rietveld refinement of the PDF of the PuAl sample.

Rwp Fit range Lattice parameter d1 (atomic c

13.52% 2.2–20.0 Å 4.6151 (16) Å 1.91 (24)
3. Results, discussion and conclusions

A good agreement is found between the experimental PDF of
the studied PuAl alloy and the refined PDF calculated from the
orrelation) Qdamp Isotropic thermal displacement uii

0.016 (16) 0.0183 (12) ÅA
0

2



Fig. 4. Fit of the G(r) zoomed at low r.

C. Platteau et al. / Journal of Nuclear Materials 385 (2009) 108–111 111
fcc structure describing the long-range order as observed by X-ray
diffraction. Nevertheless, an advanced analysis highlights two dif-
ferences between the experimental and fitted PDF which arise at
low r as shown in Fig. 4. Firstly, the second fcc peak which should
be found at 4.618 Å following Ellinger et al. results [14] and corre-
sponding to the [100] direction, is significantly shifted to about
4.70 Å. Furthermore, this peak seems to be able to be split into
two distinct peaks. Secondly, an additional peak is observed at a
distance r � 4.0 Å and cannot be attributed to the d phase of pluto-
nium. Contrary to the ‘peaks’ observed before 2.7 Å which corre-
spond to ripples induced by the Fourier transform, the peaks
positioned at 4.0 and 4.7 Å cannot be related to the procedure of
the experimental PDF determination. Indeed, different sets of cor-
rections (such as absorption of the sample and the container,
Compton scattering, polarization, Qmax of the Fourier Trans-
form, . . .) were used without change in amplitude and position of
those two differences with the average structure. Furthermore,
these observations are not unique to this particular sample, be-
cause the same differences were also observed for PuAl alloys with
different Al concentrations analyzed in these conditions.

For materials composed of several phases, classical X-ray dif-
fraction can overlook structural phases, notably, these which are
non-crystalline, exist in too low amounts, or are organized in nan-
odomains (even if present in significantly high amounts). In view
of that and in order to identify the structure corresponding to
the extra peak at r � 4.0 Å, the opportunity of observing some
other plutonium compounds was considered. Thus, to control
whether this additional peak could correspond to possible nano-
structures of impurities, the structures of Pu surface oxides
(PuO2, PuO, Pu2O3 . . .) and intermetallic precipitates (Pu6Fe . . .)
[15] were tested using PDFGui without any success. Then, tests
with different crystalline structure of pure plutonium [16] were
performed showing that they did not seem to be able to generate
this additional peak. Another hypothesis can be related to EXAFS
experiments carried out on delta-stabilized plutonium–gallium al-
loys by Conradson [1,17]. Indeed, results also showed the presence
of extra peaks with the first one at r � 3.8 Å. This would be the sig-
nature of a novel phase – labeled ‘sigma’ by the author – which
would coexist with the d phase for gallium concentrations ranging
between 1.70 at.% Ga and 3.35 at.% Ga. The ‘sigma-structure’ was
assumed to be a pure plutonium phase and organized in nanodo-
mains allowing no observation using X-ray diffraction. One major
debate concerning the existence of the ‘sigma-structure’ is based
on the fact that the radius of the PuO2 second shell is about
3.82 Å that is very close to the position of the extra peak observed
for plutonium–gallium alloys [1]. But, according to this work, no
PuO2 oxide was highlighted by total diffuse scattering. Our PDF
analysis performed on homogenized PuAl deserve to confirm the
observations already done on PuGa but did not allow to interpret
the structural differences with the Pu d phase. A last remark about
this extra peak at 4.0 Å is that it is observed both in PuAl and PuGa
alloys, and is observed in our PuAl samples with different concen-
trations of d stabilizer element, segregated or homogenized. About
the broadening of the second fcc peak at about 4.7 ÅA

0

(Fig. 4), an
interpretation would be that this peak is made up of an ordered
second coordination shell with an additional peak. This additional
peak could be generated by the structure at the origin of the peak
at about 4.0 Å. But attempts to found a known structure that gen-
erates these two peaks have not yet succeeded.

The PDF analysis has proved his efficiency of revelling, in our
PuAl alloys, short-range structural singularities as a complement
of the X-ray diffraction and EXAFS. Thus, a possible structural dis-
order of the second shell in the d structure of Pu and/or the pres-
ence of a nanophase that confirms the observation of a ‘sigma’
phase made on PuGa [1,17] are suggested. In order to complete
the real space Rietveld refinement, we propose to use the Reverse
Monte-Carlo method (via RMCProfile software [18]) to achieve a
structural model which would match with the experimental data.
In parallel to the use of this method to analyze the experimental
PDF, we plan to continue this work on the future MARS beamline
at the synchrotron SOLEIL allowing to access to an X-ray energy
of 35 keV. To complete the classical PDF experiment, we propose
also to perform a DDF (differential distribution function) [19] expe-
riences, namely a selective PDF around a particular chemical
species (Pu or Al).
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