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Abstract

A phase belonging to the space group I4=mcm was identified in a Pu–Ga alloy containing trace amounts of Fe and
Ni using electron diffraction and energy-dispersive X-ray spectroscopy (EDXS) in a transmission electron microscope.

The plane group symmetry of six experimental diffraction patterns showed that the structure of this phase was at least

body-centered orthorhombic. Simulated diffraction patterns, generated from the body-centered tetragonal structure of f
Pu6Fe with the space group I4=mcm, match the experimental diffraction patterns closely. These results present the first
crystallographic evidence for the existence of f Pu6Fe in a dilute Pu–Ga alloy. The Pu/Fe ratio of the phase yielded by
EDXS was 12.5 at.% and the Pu/(FeþNi) ratio was 15.9 at.%. These results suggest that Ni substitutes for Fe in the f,
Pu6Fe lattice.

� 2002 Published by Elsevier Science B.V.

1. Introduction

The interaction between Pu and Fe is of considerable

importance for many technological applications. For

example, reactions occur between metallic U–Pu–Zr fuel

for fast reactors and the stainless steel cladding used to

house the fuel [1,2]. The importance of understanding

the reactions between Pu with Fe in particular is exac-

erbated due to the existence of a low-melting-point eu-

tectic in the Pu-rich side of the phase diagram (see Fig. 1

[3]), which creates potential safety hazards. The eutectic

occurs because of a low-melting-temperature interme-

tallic phase, f Pu6Fe.
f Pu6Fe was first discovered in Konobeevsky by

1955 [4]. Using X-ray diffraction (XRD), f Pu6Fe was
determined to be body-centered tetragonal (space group

I4=mcm), where a ¼ b ¼ 1:0405 nm and c ¼ 0:5349 nm.

This structure was later confirmed by Coffinberry and

Ellinger [5] and Mardon et al. [6] with XRD during at-

tempts to determine the entire Pu–Fe phase diagram. In

the above experiments f Pu6Fe was formed by melting
specific ratios of Pu and Fe for the purpose of delin-

eating the Pu–Fe phase diagram. In the present research

f Pu6Fe was identified in a Pu–Ga alloy, which con-
tained trace amounts of Fe and Ni.

Two precipitates approximately 2–3 lm in size were

examined in an fcc d phase Pu–Ga alloy using electron
diffraction and energy-dispersive X-ray spectroscopy

(EDXS) in a transmission electron microscope (TEM).

The precipitates were determined to be body-centered

tetragonal with the space group I4=mcm by employing

simulated and experimental electron diffraction. Addi-

tionally, EDXS revealed that the Pu/Fe ratio was 12.5%

and the Pu/(FeþNi) ratio was 15.9%, both very close to
the 14.3% expected due to stoichiometry. The presence

of a f Pu6Fe phase in Fe-containing Pu–Ga alloys has
been suggested on the basis of electron microprobe and

optical microscopy investigations. However, there has

never been any crystallographic evidence for the exis-

tence of this phase in Pu–Ga alloys. The present results
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add to ongoing research of Pu alloys [7], and represent

the first observed occurrence of f Pu6Fe in a Pu–Ga
alloy that contains trace amounts of Fe and Ni.

2. Experimental procedures

TEM samples were prepared from bulk Pu–Ga ma-

terial following the procedure described by Wall et al.

[8]. Special care was taken throughout the process to

prevent any significant temperature rise or stress in the

material and in the specimens extracted from it. Samples

31.75-mm in diameter were obtained by single point

milling with trichloroethylene (TCE) steady drip lubri-

cant. The disk was sectioned in thirds using a low speed

diamond saw flooded with Dow Corning 200 cutting

fluid. To insure minimal heating, the low speed diamond

saw was again used to cut 6.5-mm squares from near-

est the center of the original disk. These squares were

mounted on a 6.5-mm diameter aluminum rod, secured

in the lathe, and turned to 2.8-mm diameter with 0.05-

mm reductions per pass and TCE coolant. For final

specimen preparation, the samples were moved to a dry

train recirculating glove box with a base line environ-

ment of �1 ppm for O2 and �1 ppm for H2O with an

inert atmosphere of nitrogen. The cylindrical specimen

was sliced to 1.0-mm thickness before lapping on 30-lm,
12-lm, then 3-lm aluminum oxide paper. Thin foils for
TEM observation were made by electropolishing in a

solution of 10% nitric acid (70% concentration), 45%

methanol and 45% butoxyethanol (butylcellusove) by

volume. The parameters for electropolishing were as

follows: )20 �C, 35 V and �40 mA. The specimen was

thinned continuously to perforation. After perforation,

the sample is immediately re-polished at a higher voltage

(50 V) for 2–3 s to remove a thin anodic film that de-

velops during the continuous polishing at lower volt-

ages. The sample was then rinsed in the holder with

methanol (anhydrous), followed by removal of the

specimen from the holder placing the specimen in

methanol. The sample was rinsed in several baths of

methanol for approximately 1 min each then rinsed and

stored in 200 proof ethanol until ready to transfer to the

TEM. A vacuum transfer specimen holder was used for

containing the specimen and maintaining the Ar envi-

ronment.

Imaging and diffraction experiments were performed

using a Philips CM300 FEG TEM operating at 297 kV.

Zero-loss filtered images and diffraction patterns were

digitally acquired using a Gatan imaging filter with a

charge-coupled-device camera with a 2048 pixels� 2048
pixels array. Zero-loss filtering removes inelastic elec-

tron scatter, leaving intensity due only to elastic scatter.

This yields images and diffraction patterns that are

sharper and reveal more information.

Simulated diffraction patterns were produced using

both EMS online (http://cimesg1.epfl.ch/CIOLS/crys-

tal1.pl) and the tandem package of CrystalKit and

MacTempas. Sample thickness was determined using the

electron energy-loss spectroscopy log-ratio technique [9].

Using this technique, the sample thickness in the region

examined was determined to be 50� 5 nm. Simula-
tions were performed under dynamical conditions for a

sample thickness of 50 nm. The unit cell used for dif-

fraction pattern simulations was space group 140 with

a ¼ b ¼ 1:041 nm and c ¼ 0:535 nm and the basis, Pu:

0.4068, 0.9068, 0 and 0.2141, 0.121, 0 and Fe: 0, 0, 0.25

[4].

EDXS spectra were acquired using the CM300 with

an Oxford ultra-thin window detector and an XP3 pulse

processor. Spectra were acquired with the sample tilted

approximately 20� toward the detector to ensure opti-
mum counting statistics. Additional collection parame-

ters are: take-off angle � 35�, 1.0 nm beam diameter,

count rate � 2000 cts/s, acquisition time � 100 s/point
with four points total. After the spectra were acquired

an in-hole count under the same conditions was ac-

quired to record the self-emission of radiation from the

sample. This in-hole spectra was subtracted from the

specimen spectra prior to spectra processing. Quantifi-

cation was performed using the K-ratio method of Cliff

and Lorimer [10]. A K-ratio for the Pu La1 to Fe Ka1 of

0.323 was used. The K-ratio was partially determined

experimentally from a Pu–Ga alloy and a calculated K-

ratio of Ga Ka1 to Fe Ka1 using Thin-Film Analysis

(v. 1.3). The experimental determination of the Fe/Ni

to Pu concentration is limited to �10% error because

of the uncertainty of knowing the Pu–Ga alloy con-

centration.

Fig. 1. The Pu–Fe binary phase diagram [3]. The line com-

pound examined in the present paper, f Pu6Fe, can be seen near
14 at.% Fe. Notice the extremely small or non-existent solu-

bility of Fe in solid Pu.
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3. Results

Two lens shaped precipitates approximately 2–3 lm
in length were observed in the fcc d Pu matrix. One of
these lenses is shown in the bright-field TEM image in

Fig. 2. The edge of the precipitate, which is arrowed

in Fig. 2, can be discerned by the termination of

bend contours at the precipitate–matrix interface and by

slight differences in overall diffraction intensity between

the precipitate and matrix. Foil bending in the vicinity of

the edge is readily observed by the nature of the bend

contours.

EDXS spectra taken from the matrix and precipitate

are shown in Fig. 3(a) and (b), respectively. The spec-

trum from the Pu matrix (b) displays both a Pu and a Ga

peak in EDXS spectra, as expected. Additionally, there

are Np and U peaks due to decay of the Pu and a Cu

peak due to the Cu sample cup. The spectrum from the

precipitate contains a considerable Fe peak and a

smaller Ni peak, but no Ga. Quantification of EDXS

spectra revealed that the Pu/Fe ratio was 12.5 at.% and

the Pu/(FeþNi) ratio was 15.9 at.%. These are both
very close to the 14.3 at.% expected for Pu6Fe due to

stoichiometry, and suggest that Ni is substituting for Fe

in the lattice. Notice that no Fe is detected in the matrix,

which is reasonable since Fe has very little solubility in

a, b, and c Pu and moderate solubility in d and e Pu (see
Fig. 1) [3,6]. Because the precipitate was obviously not d
Pu on the grounds of composition, a number of dif-

fraction patterns were acquired from the precipitate to

discern the crystal structure.

A set of experimental diffraction patterns acquired

from one of the precipitates is shown in Fig. 4 accom-

panied by a [1 �11 0] stereographic projection revealing the
spatial relationship of the poles. 1 Six experimental dif-

fraction patterns taken from the precipitate appear

along the left and top side of Fig. 4. The orientations are

[2 �33 0], [1 �11 0], [3 �22 0], [1 0 0], [2 0 �11], [1 0 �11], and some of the
first and second-order reflections are indexed. Due to

the plane group symmetry of the six patterns, which

are c2mm, p2mm, c2mm, c2mm, c2mm, and p2mm,

respectively, the unit cell is at least body-centered or-

thorhombic. Therefore, the diffraction patterns alone

cannot prove the structure is tetragonal because the axis

of fourfold symmetry was beyond the tilt of the micro-

scope for both precipitates. However, by matching the

six experimental diffraction patterns with simulated

patterns generated from a unit cell of I4=mcm Pu6Fe, the

Fig. 2. A bright-field TEM image of one of the f Pu6Fe pre-
cipitates contained in a fcc Pu matrix. The precipitate–matrix

interface is marked with an arrow.

Fig. 3. Two EDXS spectra taken from; (a) the fcc Pu matrix

and (b) one of the f Pu6Fe precipitates. Notice that an Fe peak
is found in the spectrum for f Pu6Fe, but is absent in the
spectrum for the Pu matrix.

1 The a and b tilt of the sample in the microscope was

recorded at each zone axis, plotted on a Wulff net, and

compared to the calculated stereographic projection. The

experimentally recorded angles between poles matched the

simulated angles to within 3�. This slight discrepancy is

explained by foil bending under the electron beam, which is

evidenced in Fig. 2 by bend contours.
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precipitate structure could be shown to be consistent

with tetragonal Pu6Fe.

Seven simulated diffraction patterns are shown in

Fig. 5, which were generated using the body-centered

tetragonal structure of Pu6Fe with the space group

I4=mcm. The patterns along the left and top side of Fig.
5 were simulated for a 50 nm thick sample under dy-

namical conditions, and are the same orientations as the

experimental patterns in Fig. 4. The ratio of distance

between reflections (relative) for each of the ex-

perimental patterns were compared to the simulated

patterns and were within 1% error. The d-spacings

(absolute) were within 2–3% error. By visual comparison

it can be seen that the simulated patterns match the

experimental patterns well. There are, however, a few

exceptions. First, the experimental [1 �11 0] pattern shows
that the 55‘-type reflections are slightly more intense
than other reflections. This was not observed in the

simulated [1 �11 0] pattern in Fig. 5. When simulations
were performed using either a thinner sample (<5 nm)

Fig. 4. A set of six experimental electron diffraction patterns taken from one of the f Pu6Fe precipitates. A [1 �11 0] stereographic

projection is shown in the figure to demonstrate the spatial relationship of the poles to one another.
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or kinematical conditions, the 55‘-type reflections be-
came more intense, matching the experimental results.

Second, the simulated [1 0 �11] diffraction pattern dis-

played a systematic absence of the h0‘ reflections when
h ¼ odd, due to the c glide plane. This systematic ab-
sence of reflections was not observed in the experimental

diffraction pattern, but can be explained by double dif-

fraction.

Convergent beam electron diffraction (CBED) was

performed in a [1 �110] zone axis orientation in an attempt
to verify the axis of fourfold symmetry parallel to [0 0 1].

Assuming there is an axis of fourfold symmetry in the

plane of the diffraction pattern and parallel to [0 0 1],

then the 1 1 0 d-spacing should be equal both in the

plane of the paper and in the direction of the electron

beam. However, since Pu produces a large amount of

thermal diffuse scattering, and we do not have the ability

to cool the sample to LN2 temperatures, quality CBED

patterns could not be recorded.

4. Conclusions

Simulated and experimental electron diffraction pat-

terns are consistent with the body-centered tetragonal

Pu6Fe phase. Additionally, EDXS spectra yield a Pu/Fe

ratio of 12.5 at.% and the Pu/(FeþNi) ratio of 15.9 at.%,
which suggest that Ni substitutes for Fe in the Pu6Fe

lattice. These results provide the first proof of the exis-

tence of f Pu6Fe in Pu–Ga alloys that contain trace
amounts of Fe and Ni.
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