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Abstract

For safe and reliable operation of fission reactors in space, the phase diagrams and reaction kinetics of systems used as
nuclear fuels, such as U–O, U–N, U–C, are required. Diffraction allows identification of phases and their weight fractions
as a function of temperature in situ, with a time resolution of the order of minutes. In this paper, we will provide results
from a neutron diffraction experiment studying the U–O system. Using the neutron diffractometer HIPPO, the decompo-
sition of UO2+x into UO2 and U4O9 as a function of temperature was investigated in situ. From the diffraction data, the
participating phases could be identified as UO2+x, UO2 and U4O8.94 and no stoichiometric U4O9 was found. Results of the
experiment were used to improve existing thermodynamic models. The presented techniques (i.e., neutron diffraction and
thermodynamic modeling) are also applicable to the other systems mentioned above.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.12.�q; 89.30.Gg; 64.75.+g; 81.05.Je
1. Introduction

Uranium-based fuels have been used for space
reactor applications for many years. In particular,
uranium dioxide (UO2) has played an important
role as fuel for the TOPAZ space reactors. There-
fore, a sound understanding of the U–O system is
required for the design, operation and disposal of
reactor fuels for space applications.
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Oxidation of UO2 (due to a reaction with air or
steam, for example) may result in the formation of
higher oxides, such as U4O9, U3O7 and U3O8 [1]
depending on the temperature and oxygen partial
pressure. The change in density, crystal structure
and chemical behaviour accompanying the intro-
duction of these higher phases may have adverse
effects on the mechanical and chemical perfor-
mance of the fuel. Therefore, it is important to
understand the stability of the various phases
present.

Many investigators have studied the U–O
system, most recently summarized by Guéneau
et al. [2], Chevalier et al. [3] and Lewis et al. [4] as
.
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Fig. 1. Calculated U–O phase diagram in area of interest compared with experimental data [6–19] and current treatment of the system
[20].
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UO2 has traditionally been a popular fuel for both
military and commercial water-cooled power reac-
tors. Therefore, the U–O phase diagram is fairly
well established. There still exists, however, some
uncertainty around the non-stoichiometry of
U4O9. Recent attempts to model the U–O system
[3] approximate U4O9 as stoichiometric. Many
investigators, however, have shown that U4O9 is a
narrowly non-stoichiometric phase (U4O9�y).
Experiments have shown that three phases exist:
a-U4O9�y (below �80 �C), b-U4O9�y (between
�80 �C and �550 �C) and c-U4O9�y (above
�550 �C) [5]. Fig. 1 shows a summary of the exper-
imental data [6–19] on the location of the phase
boundaries for U4O9�y as well as the proposed fields
for the three phases of U4O9�y overlaid on the cur-
rent thermodynamic treatment for this system [20].
In addition, the kinetics of precipitation of U4O9

from UO2+x are not well known, only that quench-
ing of UO2+x is required to prevent the formation of
U4O9 [6,19].
2. Description of experiment

To investigate the non-stoichiometry in U4O9

and the kinetics of precipitation of U4O9 from
UO2+x, an in situ neutron diffraction experiment
was performed using the high-pressure preferred
orientation (HIPPO) neutron diffractometer [21,22]
at the Los Alamos Neutron Science Center (Los
Alamos National Laboratory, New Mexico).

The reason neutron diffraction is used instead of
X-ray diffraction (XRD) for the study of the U–O
system is due to the much deeper penetrating depth
into UO2 with neutrons than with X-rays, so that
the results are more representative of the bulk
sample. Also, in situ heating of the sample for high
temperature studies is more difficult with XRD (i.e.,
for neutron diffraction the furnace can be designed
with materials that are mostly transparent to
neutrons). The thermal neutron flux levels of the
order of 107 n cm�2 s�1 and detector coverage on
the HIPPO instrument are high enough to provide
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rapid collection of data but not so high as to induce
appreciable neutron capture in the material.

The sample was 6.22 g of depleted UO2+x

powder, with x measured to be 0.197 by oxidation
in a thermo-gravimetric analyzer (TGA). The sam-
ple was loaded in a silica tube and heated from
room temperature to a maximum of 1150 �C while
exposed to a neutron beam inside the HIPPO neu-
tron diffraction instrument. The temperature of
the sample was cycled as shown in Fig. 2. Neutron
diffraction data were taken every 10 min (i.e., each
run was 10 min in length), allowing quantitative
phase analysis with this time resolution. The entire
experiment was approximately 24 h in length. A
selection of the patterns collected is shown in Fig. 3.
Fig. 2. Cycling of sample temperature.

Fig. 3. Diffraction patterns at various points in the experiment,
for one of the 90� banks normalized by incident beam count
intensity.
3. Data analysis

Rietveld refinement [23] of the diffraction pat-
terns was performed using the General Structure
Analysis System (GSAS) software [24]. Diffuse
scattering parameters were included to account
for the silica glass liner (container). The crystal
structures used in the refinement were stoichiome-
tric UO2 space group Fm3m from Hutchings [25]
and UO2.234 space group I�43d from Kim et al.
[26]. The observed patterns also matched the I�43d
structure reported by Copper and Wills [27]. Many
other crystal structures reported were tried, such as
U4O9 space group I4132 from Masaki and Doi [28],
and U4O9 space group I�43d from Belbboch et al.
[29]. Only the UO2.234 space group I�43d structure
produces the peaks around a d-spacing of 2.3 Å
as seen in the diffraction patterns and thus only
this crystal structure could fit the patterns for
peaks generated from a U4O9 (or more precisely
a U4O9�y) phase.

The UO2.234 phase could also be considered
U4O8.936, or U4O9�y, where y is 0.064. The excellent
fit to the U4O9�y phase (UO2.234), as well as the fact
that the data did not fit any published patterns of
stoichiometric U4O9, is further evidence that U4O9

does indeed have a non-stoichiometric field.
Rietveld refinement of the diffraction patterns

provided a measure of the respective lattice parame-
ter and weight fraction for each phase present in the
sample at many sample temperatures (see Fig. 4).
Refined UO2 weight fractions from the refinement
are shown in Fig. 5 and refined lattice parameters
for each phase are shown in Figs. 6 and 7.

4. Discussion of results

One result from this experiment of particular
interest is the weight fraction of UO2 at the begin-
ning of the experiment (Fig. 5) and its accompany-
ing lattice parameter (Fig. 6). On the initial heat
up of the sample, the UO2 phase weight fraction is
much higher (�100% instead of �30%) and its lat-
tice constant is lower than would be expected from
the phase diagram and published lattice parameter
data for stoichiometric UO2 (this can also visually
seen from the patterns in Fig. 3). These results
would suggest the sample was initially a metastable
single phase of UO2+x. It is surmised that the addi-
tional thermal energy added to the sample on initial
heating was sufficient to precipitate U4O9�y from
UO2+x, bringing it into thermodynamic equilib-



Fig. 4. Example Rietveld refinement results (taken from run 9986). Reflections shown are those considered in the refinement strategy.
Note that error curve is shifted down by 0.04 units with respect to the abscissa for clarity.

Temperature (oC)

0 200 400 600 800 1000 1200

R
ef

in
ed

 U
O

2
W

ei
gh

t F
ra

ct
io

n 
(%

)

0

20

40

60

80

100

120

Heating Cycle #1
Cooling Cycle #1
Heating Cycle #2
Cooling Cycle #2

Fig. 5. Refined UO2 phase weight fraction in sample as a
function of temperature. Remaining weight fraction is UO2.234.
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Fig. 6. Refined UO2 phase lattice parameter.
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Fig. 7. Refined UO2.234 phase lattice parameter.
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rium, as shown by the UO2 weight fraction drop-
ping from �100% to �30% in the relatively low
100–300 �C range. Also, the high UO2 weight frac-
tion at low temperature could not be reproduced
on either rapid (20 �C min�1) or slow (<1 �C min�1)
cooling (compare patterns A and F in Fig. 3), sug-
gesting that the state of the sample was permanently
changed from its initial state at the beginning of the
experiment. This observation agrees with previous
investigators that indeed a very rapid cooling rate
(i.e., quenching) is required to maintain the single
phase (UO2+x). As shown in Figs. 5–7, all refined
parameters (weight fraction and lattice parameters)
were reproducible after the initial heat up, suggest-
ing the overall composition of the sample was not
changing. Thus, it appears that the vacuum main-
tained in the furnace (<10�5 Torr) and the seal on
the sample holder were sufficient to prevent any
additional oxygen uptake by the sample.

The smaller lattice parameter for the UO2

phase on initial heat up, which was not reproducible
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upon reheating, is consistent with a hyperstoichio-
metric UO2 phase, as the UO2+x crystal shrinks with
increasing x [30].

Based on the conclusion that the sample was
initially a single UO2+x phase, some useful informa-
tion about low temperature precipitation of U4O9�y

can be observed. In particular, this experiment
shows, at least qualitatively, that U4O9�y can pre-
cipitate out of UO2+x at relatively low temperatures.
In particular, at a temperature of only 300 �C this
system can approach thermodynamic phase equilib-
rium in a relatively short period of time (less than
1 h). This information may be useful for planning
experiments on this system where annealing is
required to ensure equilibrium. Modeling of low
temperature behaviour of oxidized fuel may also
benefit from this observation.

The values of UO2 and UO2.234 lattice parame-
ters obtained from the refinement were compared
with published values, as shown in Fig. 8. Note that
values of U4O9�y lattice parameter above 800 �C are
not shown as Fig. 5 shows that above this tempera-
ture the sample was entirely UO2+x.

The refined UO2 lattice parameters below 400 �C
for the runs after the initial heat up are in excellent
agreement with the lattice parameter-temperature
correlation of Martin [31], however above 400 �C
the experimental lattice parameter deviates from
the expected linear coefficient of thermal expansion
(CTE) behaviour. This apparent discrepancy can be
explained by examination of the U–O phase dia-
strating phases in equilibrium.
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gram in this area (Fig. 9). Here it can be seen that at
low temperature (below 400 �C), the composition of
the UO2 phase in the sample would be very nearly
stoichiometric UO2.00. As the temperature of the
sample increases above 400 �C, however, the non-
stoichiometry in the UO2 phase will increase (the
composition of the U4O9�y phase will also
decrease). In this case, at 500 �C, the composition
will be approximately UO2.08 according to the phase
diagram. Thus, above 400 �C, the UO2 phase in the
sample is no longer stoichiometric, but increasingly
hyperstoichiometric, resulting in a decrease of the
lattice parameter superposed on the thermal expan-
sion. The UO2+x lattice parameter decreases with
increasing positive deviation from stoichiometry
[26,29,32], but still increases with increasing temper-
ature. Thus, a competing effect on lattice parameter
exists, with the net result being a decreased slope of
UO2 lattice parameter (with temperature), as shown
in Fig. 8(a). At approximately 750 �C, the slope
increases and remains constant, suggesting the
UO2+x phase composition is no longer changing.
This is consistent with the crossing of the UO2+x/
U4O9�y phase boundary and dissolution of any
remaining U4O9�y into a single UO2+x phase. This
observation is confirmed with a refined UO2 phase
weight fraction of 100% above approximately
800 �C, as shown in Fig. 5.

The Martin correlation was suggested to be
applicable to both UO2.00 and UO2+x for x values
in the range 0–0.13 and 0.235–0.25 up to 1520 K.
Therefore, it is not surprising that the slope of the
UO2 lattice parameter above 800 �C appears slightly
higher than that of the Martin correlation. Data
from Martin suggests that for O/U ratios near
2.20, the slope is indeed higher than the correlation,
as has been observed (Fig. 8(a)).

As expected, the slope (but not actual values) of
the UO2 lattice parameter on initial heat up below
200 �C is very similar to that of Martin, suggesting
its composition is not changing (as shown in a
nearly constant weight fraction below 200 �C in
Fig. 5). The values are shifted lower than that of
Martin, however, suggesting the phase is hypersto-
ichiometric.

As shown in Fig. 8(b), the refined U4O9�y lattice
parameter values compare well with the experimen-
tal data of Naito [5]. In particular, the agreement is
slightly better when compared with UO2.22 data as
opposed to UO2.24 data. This would suggest that
the U4O9�y phase composition in the sample was
close to UO2.22. This is consistent with the phase
boundary data (Fig. 1). The experimental U4O9�y

lattice parameter values do appear to begin to devi-
ate (and scatter more) from published data above
600 �C (Fig. 8(b)). There are two reasons why this
may be occurring: Above 550 �C, the U4O9�y phase
fraction is decreasing rapidly (Fig. 5), thus diffrac-
tion peak intensities for this phase are decreasing,
making it more difficult to distinguish the phase in
the refinement and thus increasing the refinement
error. Alternatively, the use of the b-U4O9�y crystal
structure for all temperatures for the refinement
may be leading to inaccuracies at temperatures
above 550 �C where the c-U4O9�y phase predomi-
nates. Unfortunately, no crystal structure for c-
U4O9�y was found in the literature.

Data from this experiment can be used to com-
pare with the suggested U4O9�y phase boundaries
by using the lever rule with the refined UO2 weight
fractions, if the overall composition (i.e., O/U ratio)
of the sample is known, as shown in Fig. 10.

Using a TGA, the batch of depleted UO2 from
which the sample came was tested at LANL. The
sample was heated in an oxidizing environment
and the weight gain to oxidize it to U3O8 was mea-
sured. From this weight gain the overall O/U of the
sample was calculated to be 2.197 [33]. The authors
suggest the variability in the TGA measurement to
be 2.20 ± 0.03.

From Fig. 5, the U4O9�y decomposition tempera-
ture can be estimated to be 800 �C. If the sample was
in fact UO2.197, the decomposition temperature
should be closer to 1000 �C (Fig. 10). The UO2+x/
U4O9�y phase boundary is well established by many
investigators, as shown by Fig. 1 and thus a discrep-
ancy of 200 �C due to improper placement of the
phase boundary is unlikely. Also, using the lever rule
(Fig. 10), at low temperature (below 400 �C) for an
overall composition of UO2.197, the UO2 weight frac-
tion is calculated to be approximately 14%, which is
considerably lower than that determined from the
refinement of the experimental data (�32% from
Fig. 5). Considering these factors, as well as the sta-
ted uncertainty in the O/U measurement on this
material, the overall composition of the sample is
taken to be UO2.17 to be consistent with the repeat-
able decomposition temperature of 800 �C.

Using an overall composition of UO2.17 for the
sample and applying the lever rule as shown in
Fig. 10, the phase fractions, and thus weight
fractions, of UO2+x and U4O9�y can be determined
from the phase diagram at various temperatures.
These values are then compared with the UO2



Fig. 10. Graphical representation of lever rule as applied to the U–O system.
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weight fractions determined from the Rietveld
refinement of the neutron diffraction patterns. This
comparison is shown in Fig. 11. Overall, the general
trend of the phase diagram is captured with the neu-
tron diffraction data. There appears to be some dif-
ference in the 600–700 �C range. The data points
and error bars on the figure represent temperatures
where the narrow non-stoichiometry in U4O9�y has
been measured, as shown in Fig. 1. Unfortunately,
there appears to be only one set of measurements
[18] on the location of the UO2+x/U4O9 phase
boundary in the temperature range in question
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Fig. 11. Comparison of refined UO2 weight fraction with the
phase diagram of Fig. 1 based on an overall composition of
UO2.17.
(600–700 �C) and still there is no data for this
boundary between 550 �C and 650 �C. Kim et al.
[26], using neutron diffraction on UO2+x samples
at a few temperatures, also found a deviation in
the refined weight fractions from that expected
based on the phase diagram.

In summary, the neutron diffraction experiment
has demonstrated that U4O9 does have a sub-stoi-
chiometric field and that precipitation of U4O9�y

from UO2+x can be captured using neutron diffrac-
tion studies. It also shows that the kinetics of precip-
itation are indeed fast (i.e., at least as fast as the
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Fig. 13. Gibbs free energy curves for solid solutions of UO2 and UO3 representing the non-stoichiometric phases of UO2+x and U4O9�y.
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maximum temperature change of the apparatus
used �1200 �C h�1) as the metastable UO2+x phase
found on initial heating could not be reproduced.

The refined UO2 weight fractions were also com-
pared with the calculated U–O phase diagram,
assuming U4O9 was a stoichiometric phase, as
shown in Fig. 12. Here it can be seen that above
450 �C the neutron diffraction data are in closer
agreement to the non-stoichiometric U4O9�y phase,
however, below 450 �C, it appears the data suggest
U4O9 is stoichiometric. From this observation, it
may be suggested that the extent of non-stoichiom-
etry of U4O9 at low temperatures (below 400 �C) is
negligible. This is consistent with early U–O phase
diagrams, such as that by Cordfunke [34] and Cox
et al. [35].

A thermodynamic treatment for U4O9�y as a
non-stoichiometric phase could be developed based
on the neutron diffraction data for U4O9�y. Similar
to the treatment for UO2+x as presented in [20],
U4O9�y could also be modeled as a solid solution
of UO2 and UO3 since UO2+x and U4O9�y have a
very similar crystal structure. To demonstrate the
feasibility of such an endeavor, the c- U4O9�y phase
treatment was developed using a similar approach
to that for UO2+x. Fig. 13 shows the calculated
Gibbs free energy of mixing curves at 873 K for
both UO2+x and U4O9�y in a system of a mixture
of UO2 and UO3. The model parameters for the
non-stoichiometric U4O9�y are also shown in this
figure. This treatment could be expanded to the a
and b phases of U4O9�y as well.

5. Conclusions

The excellent agreement of refined lattice
parameters and weight fractions from the neutron
diffraction experiment with published values has
demonstrated that time-of-flight neutron diffraction
can be a very useful tool for studies of the U–O
system, even at high temperatures. The neutron
diffraction experiment has demonstrated that, at
approximately 300 �C, a powder sample of UO2+x

will reach thermodynamic equilibrium in less than
1 h and U4O9�y can begin to precipitate at only
100 �C. In addition, the data suggests that the sub-
stoichiometry in U4O9 at room temperature is very
low. These observations could be useful for prepara-
tion of space reactor fuel or for planning low tem-
perature studies on this material.

Although the current study focused on the U–O
system, the techniques used (neutron diffraction
and thermodynamic modeling) could readily be
applied to systems for other space reactor fuels,
such as U–N or U–C.
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