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1 Introduction

Nuclear reactors have long provided a sustainable and efficient way to generate energy. Typically,
uranium dioxide (UO2) has been used as a fuel for these reactors as it has been well-studied and
is cost-effective. However, uranium-based fuels have concerns in nonproliferation, abundance, and
waste.

Thorium dioxide (ThOs) is a nuclear fuel material that addresses many of the drawbacks of
uranium dioxide fuel. It is about three times more abundant in the Earth’s crust and produces less
radioactive waste [1]. However, it too has drawbacks — the main one being that it is rather difficult
to sinter thorium into a fuel pellet, limiting its economic viability. The difficulty with producing the
pellets has to do with the crystalline structure of thorium. The large (1 pm) grain size of thorium
makes it hard to achieve the high-density pellets required [1], and as such, higher temperatures and
pressures are needed (when compared to uranium) to synthesize the pellets. This makes for a more
costly process.

This research project aimed to address this drawback of thorium dioxide by producing amor-
phous (or nanocrystalline) thorium dioxide. Since amorphous/nanocrystalline ThOs will not have
the large grain structures that crystalline thorium has, we want to see if amorphous ThO, can
reduce the temperatures needed for sintering and lead to an easier process of producing fuel pel-
lets. Further, since actual thorium fuel requires some uranium oxide incorporated into it, we will
aim to produce thorium-uranium powders and analyze them to see how uranium incorporates into
amorphous thorium.

To produce the ThOy powders, the combustion synthesis technique was used. Combustion syn-
thesis is a technique in which some solution is heated, and after some time, a self-propagating
exothermic reaction occurs which produces a powder from the solution [2].

2 Methods

Our first task was to create thorium (Th)-acetylacetone (AcAc) solutions of various fuel-to-oxidizer
ratios (¢) and thorium concentrations. The fuel-to-oxidizer ratios ranged from 0 to 1.5, and 0.25M
was the thorium concentration. To do this, we measured the appropriate masses of thorium nitrate
hexahydrate and dissolved the different masses in solutions of 2-methoxy using sonication to ensure
full dissolution. The appropriate volume of AcAc was then added to the solution to make the desired
fuel-to-oxidizer ratio.

Combustion synthesis was then performed on the solutions. 2mL of the solutions was placed in
a reaction vessel on a hot plate, and the hot plate was set to 300C. This process was conducted in
a fume hood at a controlled pressure and airflow. The solution boiled off and decreased in volume



until it reached a critical point and combusted, resulting in a ThOs powder. A thermocouple was
used to measure the temperature of this whole process, and videos were taken of the combustion
synthesis.

The crystallinity of the various powders was then analyzed using powder X-ray diffraction
(PXRD) and are shown in Figures 1 and 3.

A similar process was conducted for thorium-uranium solutions. A stock uranium solution was
created by dissolving uranyl nitrate in 2-methoxy, and the appropriate amount of AcAc was added
to ensure that the final solutions all had a 1.5 fuel-to-oxidizer ratio. Thorium solutions of different
concentrations were then mixed with the appropriate amount of the stock solution to produce a
thorium-uranium solution of the desired ratio of thorium to uranium. Th:U ratios ranged from
0:100 to 100:0.

The same combustion synthesis and PXRD process were performed on the thorium-uranium
solutions. In addition, the 5% and the 25% uranium solutions were analyzed under a transmission
electron microscope (TEM). High-quality images showing the grain structures of the powders were
obtained with this.

3 Discussion
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Figure 1: PXRD data from the thorium powders of varying fuel-to-oxidizer ratios.

Through the PXRD analysis of the varying ¢ thorium solutions, Figure 1 was obtained. A
sharper peak corresponds to a more crystalline structure, so we see that as the fuel-to-oxidizer ratio
increased, so did the crystallinity.

Figure 2a shows an example of the data obtained from the thermocouple. For all samples, there
is a sharp increase at the ignition point (Tg) followed by rapid cooling after reaching the maximum
temperature. Qualitative data about the reaction was also obtained. We observed that the higher ¢
solutions combusted more rapidly, were a darker color, and were often without a flame. The lower
 solutions took longer to combust, achieved a light color before combusting, and often produced a
flame. Figure 2b shows this visible flame and a large release of gas for ¢ = 0.75.
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Figure 2: 2a. A temperature vs. time graph obtained with the thermocouple for a combustion
synthesis reaction. 2b. A photo in the middle of the combustion reaction for a ¢ of 0.75.
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Figure 3: PXRD data for the thorium-uranium powders. The amount of uranium is indicated in
the legend. ¢ was held constant at 1.5.

Figure 3 shows the PXRD data for the thorium-uranium solutions. We see that the bottom 3
peaks (5%, 10%, 25%) all line up well. However, there is a noticeable shift to the right in the red
peak (50% Th, 50% U) and again for the peaks above it. The peaks are shifting over to the location
of the peak in the pure UO2 sample (the top peak).

From Figure 4a, we can see that there are many small crystalline grains, but there is no larger,
uniform atomic structure. This agrees well with what we see in Figure 3 (the orange line corresponds
the 5% U powder). From Figures 4b and 4c, we can see that thorium and uranium have incorporated
uniformly into one another.



Figure 4: Figures corresponding to the 5% uranium Th-U powder: 2a. TEM image of a grain of the
powder. 2b. Thorium elemental analysis of a grain. 2c. Uranium elemental analysis of the same
grain.

4 Conclusions

We have shown that amorphous/nanocrystalline ThOy can be produced through the combustion
synthesis method. By varying the fuel-to-oxidizer ratio of the thorium solutions, we were able to
produce thorium oxide powders of varying crystallinity, and we further showed that it is possible to
incorporate uranium into the thorium dioxide and still produce amorphous and low crystalline pow-
ders through combustion synthesis. Through TEM analysis, we see that the thorium and uranium
were incorporated uniformly into one another.

In the future, now that we have shown we can produce thorium oxide, we can investigate the
sintering capability of materials, as well as investigate how the materials behave after irradiation to
better understand potential morphology changes that may impact it as fuel. This work would occur
at the beginning of the next semester.
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