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Abstract

The oxidation of d-stabilized plutonium alloy was studied under dry oxygen expo-
sures for temperatures varying from 100 up to 300 °C and oxygen partial pressures
varying from 107 up to 500 mbar. The coupling of X-ray diffraction, Raman spec-
troscopy and FIB-SEM has allowed to show that the oxide scale is composed of an
outer layer of PuO, and an inner mixed layer of a+ p-Pu,O; platelets propagating
into a metallic zone corresponding to the stable phase of unalloyed Pu. Furthermore,
the analysis of Pu oxidation kinetics has displayed first a parabolic growth governed
by the diffusion of interstitial oxygen. This step consists of the thickening of the
Pu,0; layer with a decrease in a-Pu,0O; ratio in favor of f-Pu,0;. Then, a second
step occurs consisting of a linear growth of the PuO,-layer with the formation of
thick nodules which tend to cover the whole oxide surface. Based on the results of
this work, a general oxidation mechanism for 6-Pu alloy is provided.
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Introduction

Plutonium is a radioactive element discovered in 1941 during the Manhattan
project [1]. This is one of the most mysterious elements. Indeed, plutonium is
located at the boundary between heavy and light actinides, leading to multiple
peculiar properties. For instance, plutonium metal presents six distinct allotropic
phases from room temperature up to its melting point (640 °C). Among these
phases, o-phase (f.c.c. structure) is the most relevant for metallurgic uses since
it is the most ductile phase. As the J-phase is stable at temperatures within the
range 300 °C to 465 °C, Pu is usually alloyed with elements such as Al, Ga or Ce
to stabilize the -phase at room temperature.

Plutonium and its alloys are very sensitive to oxidation [2, 3] which may be
severe during long-term storage under an inadequately controlled atmosphere.
Hence, plutonium oxidation has been widely studied since its discovery [4-6],
but numerous points are still in discussion. Basically, it is known that oxidation
in temperature under atmosphere containing oxygen leads to the formation of an
oxide scale composed of an outer PuO, layer and a Pu,0; inner layer. Pu sesqui-
oxide exists in two different structures, a-Pu,0; (cubic) and p-Pu,0O; (hexagonal).
According to Gardner et al. [7], @-Pu,05 would have a stoichiometry correspond-
ing to PuO, 5, while f-Pu,0; would be the stoichiometric phase. According to
Haschke et al. [8], a-Pu,0j; is considered to be the metastable form of p-Pu,0;.
Moreover, the existence of intermediate oxides, as a homologous series Pu,O,, ,,
has also been discussed by Ao et al. [9]. In addition, the presence of impurities
such as carbon leads under specific conditions to the formation of a plutonium
oxicarbide [10].

The oxidation kinetics of Pu and its alloys has also been studied in various
experimental conditions. A 2-step kinetics process is commonly admitted. It con-
sists of a parabolic step with the formation of a compact oxide layer, followed by
a linear step with the occurrence of cracks in the oxide scale. Ravat et al. [11]
have shown, by using in situ XRD analyses, that the parabolic growth results
from the formation of Pu,0,, while the linear growth is exclusively induced by
the growth of PuO,. The influence of Ga, used as a d-phase stabilizer element,
on oxidation has also been investigated. Waber et al. [3] have shown that the
presence of Ga seems to reduce the oxidation kinetics. It has also been shown
by Ravat et al. [11] that the oxidation process leads to the destabilization of the
o-phase, with the occurrence of the allotropic phase of unalloyed Pu correspond-
ing to the exposure temperature. Recently, Donald et al. [12] have evidenced the
formation of a Ga-depleted layer beneath the oxide layer and have attributed the
existence of this layer to a Ga diffusion mechanism from the alloy to form Ga,0;
at the oxide/gas interface. However, this formation of Ga,0O; has been disputed by
Roussel et al. [13] based on XPS experiment results. Furthermore, according to
the Reverse Monte Carlo analysis of EXAFS data performed by Ravat et al. [14],
Ga seems instead to be incorporated into Pu substitution sites of PuO, lattice dur-
ing oxidation. This result agrees with DFT calculations performed by Ao et al.
and Hernandez et al. [15, 16]. The influence of O, partial pressure has also been
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studied by Stakebake and Lewis [17]. The authors observed a threshold pressure
temperature-dependent, below which the oxygen partial pressure has no influence
on the kinetics. The authors have considered that this threshold pressure is associ-
ated with a mechanism change, from n-type to p-type. The microstructure of Pu
oxides was also investigated by Donald et al. [18, 19]. Indeed, they have reported
different morphological characteristics of oxide scale formed on PuGa alloys
after exposures at room temperature under laboratory and wet air.

Despite numerous studies about the oxidation of Pu alloy, connections between
the nature of the Pu oxides, the growth kinetics and the microstructure of the oxide
layers still have to be better understood. This is the purpose of this paper which is a
comprehensive study about the general mechanism of 6-Pu oxidation under oxygen
in a wide range of temperatures. This work is based on experimental results obtained
by using XRD analysis, Raman spectrometry and FIB-SEM.

This paper is organized as follow. First, details on the sample preparation, experi-
mental devices specifically dedicated for Pu handling and methods are given. Then,
the experimental results describing the microstructure and the composition of the
oxide scale, the kinetics of the Pu oxide growth, the oxidation rate-controlling chem-
ical species and the breakaway are addressed and discussed. In conclusion, a general
oxidation mechanism is proposed.

Experimental Procedures

The studied alloy is a 6-PuGa 1 at.% fully homogenized through high tempera-
ture treatment of 1000 h at 460 °C under secondary vacuum. Samples have been
machined and micro-cut in order to obtain two different shapes: either a disk of
15 mm diameter and 1.5 mm height, or parallelepiped (7.5x5x1.5 mm?). All
the samples were polished using SiC abrasive papers up to 4000 grade and then
annealed for 10 min at 300 °C under secondary vacuum in order to recover the
O-phase destabilized during the sample preparation steps [10].

Samples have been oxidized either under 100 mbar of oxygen for temperatures
varying from 100 °C up to 300 °C, or at 150 °C under oxygen partial pressure
varying from 10 to 500 mbar. Exposures were carried out in a reaction chamber
(TTK 450 Anton Paar) directly mounted on a 6/0 diffractometer (BRUKER AXS
D8 Advance) located inside a glovebox. Diffraction patterns were recorded in situ
during the exposure and have been analyzed using a modified Rietveld refinement
method described in [11]. In addition, grazing incidence XRD analysis (E=10 keV)
was performed on oxidized samples, using a 2D Pilatus detector on the MARS
beamline at the SOLEIL synchrotron facility. As this experiment was performed out-
side a glovebox, the samples were confined in a PMMA dome. Sealing was assured
by a silicon ring and Kapton scotch. The PMMA dome was then inserted in a second
dome in PEEK to ensure mechanical soundness.

SEM images of the sample surface were obtained using a FEG SEM (ZEISS
SuPRA 40) placed in a glovebox. As the oxide layer is very brittle, cross sections
were obtained by surface FIB milling (Ga* ion), using a current of 16 nA and 30 kV
to remove the matter and then a current of 600 pA and 30 kV to have a clean surface.
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Prior to FIB preparation, the samples have been covered by protective Au and Pt
deposits. The latter has permitted to optimize FIB milling. This was performed in a
ZEISS Auriga 40 equipped with a FIB column by Orsay physics.

Raman spectrometry analysis was carried out by using an iHR-320 Horiba spec-
trometer coupled via optical fibers with a confocal optical microscope located inside
a glovebox [20]. The spectrometer was equipped with a green laser (532 nm wave-
length) with a power of 18 mW. In order to avoid affecting the oxide layer, a filter
was used to limit the laser power to 1.8 mW. The data have been analyzed with
the Horiba Labspec6 software, equipped with a MCR (multivariate curve resolution)
modulus.

Results and Discussion
Microstructure and Composition of the Oxide Scale

The different phases present during Pu oxidation were characterized by XRD. The
diagram presented in Fig. 1 has been recorded on a sample oxidized for 37 h at
150 °C under 100 mbar O, and is representative of patterns recorded on all the
samples exposed under partial oxygen pressures between 10 and 500 mbar and
at temperatures between 100 and 200 °C. Three oxides were identified: the dioxide
PuO, and the sesquioxides a-Pu,O; (cubic) and pB-Pu,0; (hexagonal). Two phases
related to the metal are observed: the d-phase corresponding to the alloy, and the
B-phase that is the stable phase of unalloyed Pu at this temperature. At higher tem-
peratures, between 200 and 275 °C, the y-phase, that is the stable phase of unalloyed
Pu, appears instead of the f-phase. At 300 °C, there is no additional peak since the
stable phase of unalloyed Pu is the §-phase.

— PuO,
::7 a-Pu,04
20- B-Pu,0;
18- ‘ — Pu [3
16- — Pud

. |

o w | | |

6 J
& J | ‘A‘ ‘ y ‘/“ U
} // 1. \4 “i U ), AT }M‘\\.—M *.,..csL.._M\_L\,_
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
20°
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Fig. 1 XRD diagram of a sample oxidized 37 h at 150 °C under 100 mbar O,
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In order to characterize the arrangement of the phases in the oxide layer, an oxi-
dized sample after an exposure during 80 h at 150 °C under 100 mbar O, was ana-
lyzed in grazing incidence XRD with incidence angles m=1° and 2°. As shown
in Fig. 2, the diffraction peak at 20=21.8° indicates the presence of PuO,, while
the peaks at 20=21.4° and 20=23.5° reveal the presence of a-and B-Pu,Os;. The
increase in the incidence angle corresponding to an increase in the oxide scale depth
analysis leads to a decrease in the XRD peak intensities of PuO, and a rise of those
corresponding to a-and P-Pu,O;. This behavior clearly shows that PuO, layer is
located above Pu,0;. For both incidence angles, the concomitant observation and
similar behavior of diffraction peaks related to a-and p-Pu,0; demonstrate that both
phases are mixed and do not form stacked layers. In order to investigate the spatial
arrangement of the complex microstructure of a-and p-Pu,0; phases, samples oxi-
dized at 150 °C under 100 mbar O, with different exposure times (from 26 to 66 h)
were characterized by using Raman spectroscopy using ax 50 objective. The vari-
ation as a function of depth of the oxide layer composition was studied by collect-
ing Raman spectra at different z position respectively to the sample surface. Such
depth scan was performed at several location of the samples. The spectra collected
were analyzed by using the multivariate curve resolution (MCR) method. This anal-
ysis has highlighted 3 distinct components. One corresponds to the noise. Another
component corresponding to the spectrum in red (Fig. 2b) exhibits a single band at
470 cm™! which is characteristic of PuO, [21]. By deduction, the green spectrum
corresponding to the last component which exhibits a few bands of low intensity
is assigned to Pu,0;. Despite the numerous points analyzed, no specific spectrum
separating the a- from the $-Pu,0O; was obtained.

To go further in the characterization of the oxide scale, a cross section of a sample
oxidized for 240 h at 150 °C under 100 mbar O, was prepared by FIB milling. Under-
neath Au and Pt deposit layers, an oxide layer covering the whole surface of the sam-
ple with an average thickness between 2 and 3 um can be seen in Fig. 3. In this oxide
scale, different layers can be distinguished. The outer oxide layer is composed of PuO,,
in agreement with previous XRD analysis results. Underneath, there is an inhomoge-
neous layer of Pu,0;, that is around 1.6 um thick. This layer is composed of plate-
lets as revealed by the top view image (in the middle) obtained by reconstruction from
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Fig.2 Grazing incidence X-ray diffractograms of a sample oxidized 80 h at 150 °C under 100 mbar O,
(a) and Raman spectra obtained on samples oxidized at 150 °C under 100 mbar O, for 26-66 h after
MCR analysis of 36 Raman spectra (b)
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Fig.3 SEM images of a FIB-milled cross section of the oxide scale of a sample oxidized for 240 h at
150 °C under 100 mbar O,

SEM images of FIB-milled cross sections. They are 50 nm wide and at least 500 nm
long. These platelets penetrate into a lighter layer, around 500 nm thick. This latter is
assigned to the occurrence of an unalloyed Pu phase which is denser than the d-phase.
Its observation confirms the destabilization of the 6-phase which results from a deple-
tion in Ga in the region of the alloy in contact with the oxide scale. During the oxida-
tion process, as reported in [11-14], Ga would diffuse toward the oxide scale surface to
form Ga,O; or to be incorporated in Pu substitution sites in PuO, lattice.

Consequently, from grazing incidence XRD, Raman spectroscopy and FIB-SEM
results, it can be concluded that the oxide scale is composed of an outer layer of PuO,
located at the oxide/gas interface, and beneath, an inner mixed layer composed of plate-
lets of (a+p)-Pu,O; propagating into a metallic region corresponding to the stable
phase of unalloyed Pu located above the 6-Pu alloy.

Kinetics of Pu Oxide Growth

Oxidation kinetics was studied by recording in situ and continuously XRD diagrams
during exposure under oxygen. The thickness of each layer has been assessed by using
modified Rietveld analyses [11]. However, in this previous work, the oxide scale was
assumed to be a stacking of three distinct and successive layers of Pu oxides: PuO, on
top, a-Pu,O; in the middle and p-Pu,0; underneath. In light of the results of this pre-
sent work, a single mixed layer of a-Pu,0; and B-Pu,O; has to be taken into account.
Consequently, the intensity correction functions used to refine the XRD peaks of a-and
pB-Pu,0; were modified considering a mixed layer and are now expressed by the follow-
ing relations:

~21pu0, °Pu0, ~2%aPu,y O3 HaPuy 03 ®Puy O3
kaPu203 —e O x(l—e sin(0) ) (1)
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~2HPuO, °Pu0, —2(1-X4Puy 03) #pPuy O3 “Puy O3
Kpuo, =€ 0 k(l—e™  wo ) @)

Figure 4a shows a typical oxidation kinetics, which first follows a parabolic
and then a linear law. As already shown in [11], Pu,0O; is responsible for the para-
bolic growth, while PuO, is responsible of the linear growth. By considering the
novel model of the microstructure of the oxide scale implemented in the Riet-
veld refinement, it can be noticed that the internal composition of Pu,0O; layer
changes during both its thickening and the oxygen exposure time. Indeed, as
shown in Fig. 4b, a decrease in the a-Pu,0; ratio in favor of B-Pu,0; occurs dur-
ing the parabolic step. This suggests that a-Pu,0; would form kinetically faster
than B-Pu,O; but would be metastable whereas p-Pu,O; B-Pu,O; could be the
phase thermodynamically stable as suggested by Haschke et al. [8]. Nevertheless,
it appears in this case that a-Pu,0; remains the main oxide in the Pu,0; layer
although its concentration decreases until stabilizing at 70% at 150 °C.

In addition, the oxidation kinetics have been recorded for temperatures com-
prised between 100 and 300 °C. From these kinetics, parabolic growth rates k,
of the whole oxide layer and of the Pu,0; layer have been determined separately.
The k, values, extracted from the linear regressions e2=kp><t, are represented
in Fig. 5 in the form of an Arrhenius plot. It can be noticed that k, values deter-
mined for the whole oxide scale and for Pu,O; layer are very similar, confirm-
ing again the fact that Pu,0O; growth governs the parabolic step. Furthermore, k;
values determined in this study are lower by 10 order of magnitude in compari-
son with k, values determined on pure Pu [22], highlighting the protective influ-
ence of Ga. The linear regression In(k,,) =f(1/T) for the oxide layer and the Pu,0;
layer have, respectlvely, given the actlvatlon energy E,py,0,) = 71.8 kl.mol™ and
Eyon = 72.2 KJ. mol™!. The small difference between these energies confirms that
the growth of the Pu,0; layer is responsible for the parabolic growth of the oxide
layer.
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Fig.4 Oxidation kinetics of a Pu-Ga 1 at.% sample at 150 °C under 100 mbar O, (a) variation of
a-Pu,0; ratio within the Pu,0; layer as a function of exposure time
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Fig.5 Arrhenius plot of the parabolic rate constants determined for the whole oxide layer and for Pu,0;
layer grown under 100 mbar O, versus temperature

Oxidation Rate-Controlling Chemical Species

Another aim of this work was to determine the nature of the chemical species, which
governs Pu oxidation during the parabolic kinetics step. Considering Wagner’s oxi-
dation theory, in case of a thick oxide layer growth (which is the case during para-
bolic growth of Pu—Ga lat.% oxidation), the growth is driven by the diffusion of
chemical defect through the oxide layer. There are four possible main defects which
are: 1) metal vacancy, ii) interstitial metal; iii) oxygen vacancy; and iv) interstitial
oxygen. Each of these defects leads to different behaviors during the oxide growth.
Metal vacancy and interstitial oxygen are characterized by an O, pressure depend-
ence of parabolic constant rates, unlike interstitial metal and oxygen vacancy. Fur-
thermore, anionic defects lead to an inward growth of the oxide layer, while cationic
defects lead to an outward growth of the oxide layer. In order to determine the main
defect during the parabolic growth step, oxidation kinetics at 150 °C under different

31 b

In(kp (cm¥s))

32 b

33 b

-34

-18 13 ] 3 2 AlL,O; Al,0, Al,O0, Al,0,

In(PO, (bar))

Fig. 6 Plot of k, parabolic constants as a function of oxygen partial pressure at 150 °C (a), cross section
SEM image of the oxide layer showing alumina remaining on top of the oxide scale (b)
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O, partial pressures (from 10 to 500 mbar) were recorded. The k, values are pre-
sented in Fig. 6a in the form In(k,) = f(In(P,, ). They show that the O, partial pres-
sure has an influence on the parabolic growth rates indicating that the main defect is
either interstitial oxygen or metal vacancy. To determine the oxide growth direction,
an inert marker experiment was performed. Before high temperature exposure, the
surface of a sample was covered with 100 nm alumina particles. After oxidation,
as shown by the cross section (Fig. 6b), the alumina particles remain located on top
of the oxide layer, indicating an inward growth of the oxide scale. Consequently,
according to Wagner’s oxidation theory, it can be deduced that the main defect is
interstitial oxygen.

Breakaway

Oxidation kinetics analysis has shown the existence of breakaway related to a change
in the kinetics growth mechanism. As shown in Fig. 7a, Pu,O; lattice parameter
increases during the parabolic growth step and goes down abruptly after the breaka-
way. This evolution of a-Pu,0O; lattice parameter indicates a stress accumulation in
the Pu,0O; layer followed by a sudden relaxation. In the same time, the thickness of
PuO, layer was constant and goes up quickly from the breakaway. Although breaka-
way was not fully reproducible in time, it seems to be connected to Pu,0; thickness
and exposure temperature. Indeed, Fig. 7b exhibits the necessary conditions (but
not sufficient) to initiate the breakaway. The higher the exposure temperature, the
thicker the Pu,O; layer is at the breakaway. This observation suggests that there is
a stress accommodation with increasing temperature that postpones the breakaway.
In addition, the sample surface at the different steps of the oxidation (parabolic
growth, breakaway and linear growth) was characterized by SEM (Fig. 8). During
the parabolic growth, the oxide surface is quite homogeneous and thin, and the
metal grain boundaries are still apparent. Just after the breakaway, some oxide
nodules are noticeable at the sample surface. These nodules are thick and porous,
sizing from some dozens to some hundreds of square micrometers. Some of the
nodules seem to be affected by spallation. By increasing the oxidation time, the

(2) (b)
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g ° | 3000 7000 ain of potential
g reakawa
§ 11105 = = 6000 i
] o r 2500 E E
E ni % T 5000
8 F 2000 § a
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@ . £ g 40w
g 109 ¢ l 502 3
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Fig.7 Evolution of Pu,Oj; lattice parameter and PuO, thickness during oxidation versus Pu,O; layer
thickness (a) Breakaway conditions as a function of Pu,0O; layer thickness and exposure temperature
under 100 mbar O, (b)
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Fig.8 SEM images of the oxide scale surface at different steps of the oxidation: parabolic growth, break-
away and linear growth

size and number of the nodules rise, covering more and more the surface of the
sample. The cross section SEM image of this nodule reveals its microstructure. It
is composed of a cracked external part of (15 um high for the chosen nodule) and

an internal part, below the surface, which goes very deeply inside the metallic
substrate (about 20 pm in the considered example).

PuO. Cracks i
& 2 Grain Blisters
"""""""" ~Boundary_ |
pu0, 7 " :
N | )
\ —) unalloyed Pu —)
8—Pualloy :

== PuO,
mm Puy0;
== Unalloyed Pu metal
8-Pumetal

Fig.9 Schematic representation of §-Pu alloy oxidation mechanism during dry oxygen exposure at high
temperature
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Conclusion: Pu Oxidation Mechanism During Dry Oxygen Exposure

Based on the results of the present work, it is possible to propose a general oxida-
tion mechanism schematized in Fig. 9. At the beginning of high temperature expo-
sure, a “native” oxide scale, composed of PuO, and Pu,03, is present at the Pu alloy
surface. During exposure under oxygen atmosphere, a layer composed of platelets
of a-and PB-Pu,0O; phases grows following a parabolic law. Interstitial oxygen dif-
fusion pilots this kinetics step. In the same time, the formation of allotropic phase
of unalloyed Pu highlights the Ga diffusion through the oxide scale. As shown by
the SEM image in Fig. 9, this diffusion can occur along the grain boundaries. The
thickening of the Pu,O; layer leads to the accumulation of stress. When the stress
level overcomes the oxide scale strength, cracks and blisters appear at the surface
leading to the linear growth step. Thick oxide nodules, likely composed of PuO,,
form in concomitance with the breakaway. The size and the number of these nodules
are increasing with the exposure time. A porous oxide layer might result for longer
exposures times, not tested in the present work. However, the occurrence of a porous
layer and spallation have been already reported [11].
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