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Abstract

UjSi and U3Si2 powders for application dispersant for research reactor dispersion fuel elements are
produced by atomizing alloy melt instead of comminuting. Many benefits are introduced by applying the
atomization technique : reduction of the process, increase of the thermal conductivity, decrease of the
thermal reaction with aluminum due to the spherical shape of particle, and increase of the uranium loading.
Also, in order to improve the uranium loading of fuel, high density U-Mo powder is prepared by centrifugal
atomization. U-Mo powder has spherical shape, narrow size distributions, high density and fine grain
structure with isotropic y-U phase. U-Mo fuel meats, especially U-10wt.%Mo, show good thermal
compatibility with Al matrix and maintain microstructure stability.

1. Introduction

Research on the intermetallic compounds of uranium has been continued since 1978 with the
decision, by the international research reactor community, to develop proliferation resistant fuels. The
reduction of 93% 235U (High Enrichment Uranium or HEU) to 20% 235U (LowEnrichmnt Uranium or LEU)
necessitates the use of higher U-loading fuels to accommodate the additional U in the LEU fuels [1].
Intemietallic compounds are well suited for use in research reactor fuel elements, which typically consist
of small-particulate fuel dispersed in aluminum. Intermetallic compounds of uranium, in particular U3Si and
U3Si2, dispersed in aluminum have been the preferred choice as a fuel for high flux research reactors [2-6].

Korea Atomic Energy Research Institute has been developing the uranium silicide fuel for the
HANARO of the 30 MW research reactor since 1988. Uranium-silicide particles have been prepared
conventionally by the comminution of cast alloy ingot [7]. It is well known that U3Si is very tough and the
alloy billet is hard to be machined into fine powder. Labors and many steps of tedious work are needed in
comminution. The comminuted powder is susceptible to contain impurities such as ferrous particles from
the machining tools. In addition, the sharp of comminuted particles is generally irregular with shape edges.
In order to overcome the difficulties in comminuting the tough billet and to eliminate the contaminations
of impurities, the rotating disk atomization method has been applied for the preparation of uranium silicide
particles [8]. It is known that the powder has a rapidly solidified microstructure, a relatively narrow particle
size distribution, and that the powder is finer and spherical in shape [9-10]. Especially, the spherical powder
could give the desirable effects of improving plastic flowability and could not show any appreciable
directional orientation after mechanical processing. Also the specific surface area of atomized particles is
less than that of comminuted particles, so that the reaction swelling between uranium-silicide particles and
aluminum matrices is expected to be reduced.

In addition, the conversion from high enriched uranium (HEU) to low enriched uranium (LEU) for
use in research reactor fuel requires a large increase in the amount of uranium contained in a fuel element
to compensate for the reduction in enrichment. The development of commonly used aluminum-based
dispersion fuels using U3Si2 as the fissile component has been rather successful in onverting reactors with
the fuel element loadings of up to about 4.8 g U cm"3 [1-4]. U3Si2 has been found to possess very stable
irradiation behavior, butlimitations in fabricability do not allow loading conversion to LEU any higher than
~6 g U cm"3 [11-12]. While the majority of reactors can be satisfied with U3Si2-Al dispersion fuel, several
high performance reactors require still increasing the loadings up to 8-9 g U cm"3.
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Consequently, in the renewed fuel development program of the Reduced Enrichment for Research
and Test Reactor (RERTR) Program, attention has shifted to high density uranium alloys. Early irradiation
experiments with uranium alloysshowed promise of acceptable irradiation behavior if these alloys could be
maintained in their cubic y-U crystal structure [13]. Alloys with tendency to form this gamma phase are: U-
Cr, U-Mo, U-Nb, U-Re, U-Ru, U-Ti, U-V, U-Zr, etc. Among these, the alloy which has a relatively large
range of gamma phase is U-Mo. In addition Mo has a relatively low neutron caption cross-section. Below
570° C the stable structure of U-Mo alloys is a mixture of a -U and 6- phase (UMo). However, by rapid
cooling from he gamma phase, U-Mo alloy easily retains this phase in a metastable state. If this metastable
gamma phase can be maintained during fuel element fabrication and irradiation, and if the alloy has good
thermal compatibility with aluminum, U-Mo alloy would be a prime candidate for dispersion fuel for
research reactors. In this study, USi and UjSi2powder for application in research reactor fuel elements
are prepared by rotating disk centrifugal atomization and are characterized in comparison with the
comminuted powders for application as a dispersant for research reactor fuel elements. Also two kinds of
fuel meats are prepared with atomized and comminuted U3Si/U3Si2 powders by extrusion or rolling process
The effects of atomized spherical powder on fuel meat are investigated. Further U-Mo powders prepared by
centrifugal atomization are characterized. The fuel meats are prepared with the atomized powder by
extrusion. Especially, the characteristics related to the microstructure stability and the thermal compatibility
of fuel meats are examined.

2. Experimental procedure

Uranium-silicide and U-Mo alloy was induction-melted in graphite crucibles with proportioned
charge of depleted uranium lump with purity 99.9%, silicon chip with purity 99.9999% or molybdenium
buttons with purity 99.7%. The molten metal was fed through a small nozzle onto a rapidly rotating graphite
disk under an argon atmosphere. In order to obtain the suitable size distribution and shape, the atomization
parameters, such as the feeding rate of melt, the revolution speed of disk etc., were adjusted. The atomized
powder was collected in a container at the bottom of the funnel shaped chamber. On the other hand, for the
preparation of comminuted uranium-silicide particles an alloy ingot was made by induction melting and
casting using depleted uranium and silicon as raw materials, and then comminuted. And U3Si alloy was heat-
treated at 800°C in order to transform as-cast ingot into U3Si phase ia peritectoid reaction. Both extruded
rods and hot-rolled miniplates were fabricated using comminuted and atomized (spherical) powder.

The powder size distribution of the atomized powder was determined by sieve analysis and light
diffraction method. The density of powder and fuel meat were measured by Archimedean immersion method.
The morphology and microstructure of powder and fuel meat were characterized with an optical microscope
and a scanning electron microscope after polishing and etching. Composition was analyzed done by energy
dispersive spectroscopy with the SEM. The phase transformation temperature of the atomized powder was
determined using a differential scanning calorimeter (DSC); generally the rate of temperature increase was
chosen as 20 °C min-1. The area fraction of the pore was examined by the image analyzer with the
micrographs The alloy phases of as-atomized or heat-treated powders and fuel meats were analyzed by X-
ray diffraction, using Cu Ka wave length.

3. Results and discussion

The typical shape of the atomized U3Si, U3Si2 and U-Mo alloys particles as observed by scanning
electron microscope is shown in Fig. 1. Most of the particles have a spherical shape with few attached
satellites [9]. A few fine particles (below 45 um) have a lengthened, flake-like morphology. Spherical shape
of the atomized particles is attributed to the surface tension of the melt droplet [10]. Fig. 2 shows the typical
size distribution of atomized U3Si, U3Si2 and U-Mo alloys particles in terms of weight fractions. The size
distribution of the powder is relatively narrow, and the median particle size was about 80um. Such a mono-
modal size distribution is frequently seen in the ligament disintegration mechanism [14-15]. Fig. 3 shows
the particle density versus particle size of U-2wt.%Mo, U-10wt.%Mo alloy. The average densities of U-
2wt.%Mo, U-10wt.%Mo alloy are about 17.3 g/cm3 and 16.8 g/cm3, respectively. It is found that the density
of atomized powder decreases as the particle size increases irrespective of alloy composition. This is due to
the increase of internal pores with the increasing particle size [16].
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Fig. 1. Photographs showing the shape of atomized powder (xlOO);
(a) 120-140 Mesh, (b) 200-240 Mesh, (c) -325 Mesh.
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Fig. 2. Particle size distribution of
atomized alloy powder.
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Fig. 3. Variation of density according to
particle size in the atomized U-Mo
alloy powder.

The minimum width of primary U3Si2 precipitates decreased from about 20 urn in the comminuted
powder to about 2 um in the atomized powder due to the effect of rapid solidification. Primary U3Si2

precipitates tends to be finer with the decrease of the powder size. This suggests that the finer particles cool
rapider due to the increase of the specific area. As the cooling rate increases in a finer melt drop, the time
available for solidification decreases. The size of primary U3Si2 precipitates becomes finer. Fig. 4 shows the
isothermal transformation curves for the specimens of different primary U3Si2 precipitates sizes in the heat-
treatment at 800°C [16]. The heat-treatment period for the formation of U3Si by a peritectoid reaction was
reduced from 72 hours to 6 hours owing to the refinement of microstructure [17]. The curves are typical for
phase transformations by nucleation and growth. Nucleation occurs more rapidly in the fine structure than
in the coarse one, whereas the slopes which means the transformation rate are almost the same. It is assumed
that the short peritectoid reaction time is introduced from the large interfacial area of fine primary particles
and the rapid nucleation of U3Si phase[18-19]. In addition, the microstructure of heat-treated atomized
powder appears to be much finer, about one fifth, than that of heat-treated ingot.
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Fig. 4. The isothermal transformation curves for the specimens of different
primary U3Si2 precipitates size in heat-treatment at 800 V.

The typical cross-sectional micrograph of atomized U-Mo alloy particles, with the EDX analysis
result, are illustrated in Fig. 5. It is seen that the micro-structure of the atomized particles is polycrystalline,
with many non-dendritic grains below 5 urn in size. The grain size becomes smaller s the particle size
becomes finer. This suggests a rapider cooling of finer powder due to the increase of the specific surface
area. Because the cooling rate in finer droplet is higher, the time available for solidification decreases and
the phase particles get finer.

The X-ray diffraction patterns of atomized U-2wt.%Mo and U-10wt.%Mo alloy powder are shown
in Fig. 6. All phases of atomized alloy powders below 150 um are found to be the isotopic-metastable T-U
(bcc) phase. It is known that U-2wt.%Mo and U-10wt%Mo alloy frozen slowly consists of a-U phase and
8-U2Mo intermetallic compound with lamellar structure [20]. On the other hand, T-U (bcc) phase, which is
the stable phase above about 570°C, can be retained in a metastable state at room temperature by rapid
solidification. Fig. 7 shows a differential scanning calorimeter (DSC) trace of atomized U-Mo powder during
continuous heating to 750°C at a rate of 20°C mm1. The DSC trace in continuous heating of U-2wt.%Mo
alloy shows a large and broad endothermic peak at about 600cC associated with decomposition of metastable
y-U. The continuous heating DSC trace of U-10wt.%Mo alloy shows no peak over the temperature range
associated ith decomposition of y-U. X-ray diffraction of U-10wt.%Mo powder after the continuous heating
demonstrates that the alloy powder remains as the metastable T-U (bcc) phase.

8.00

Dispersive Energy, KeV

Fig. 5. Micrograph (a) and energy dispersive spectra (b) from the matrix of
atomized U-2wt.%Mo powder.
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As shown in Fig. 8, the use of spherical U3Si2 powder, however, results in somewhat higher porosity
in the rolled plate but drastically lowers porosity in the extruded rod. Such results are attributed to the
random fracture of spherical particles under the planar stress imposed by rolls, which evidently causes more
porosity. The force on spherical particles in a circular extrusion die is more uniform leaving the particles
largely intact, thus generating less porosity. The evidence to this widely different behavior can be found
in metallographic sections shown in Fig. 9.

On the other hand, U3Si fuel particles with a certain aspect ratio lie along the working direction in
forming, i. e., extrusion or rolling direction. Fig. 10-a shows the cross-section of the fuel meat with
comminuted particles in which the fuel particles are reoriented along the working direction of the fuel meat.
In contrast, the atomized particles shall never have an aspect ratio since they are spherical. Regardless of
rolling or extruding, they have no chance of anisotropic orientation along the working direction in forming.
Fig. 10-b shows the atomized particles without anisotropic orientation in the fuel meat in comparison with
the comminuted particles aligned to the working direction.

Shape of the fuel particle greatly effects on the fuel properties in relation with the orientation in
the fuel meat. Direction of heat transfer in the fuel meat in reactor operation is perpendicular to the plate,
which means heat is dissipated perpendicular to the working orientation of the fuel particles in the meat with
the comminuted powder. Table 1 shows the difference in thermal diffusivity between the fuel meats with
the comminuted powder and the atomized one. The meat with the atomized particles has 15% higher
thermal diffusivity in the heat-transfer direction of reactor operation than the one with the comminuted
particles does. Thermal diffusivity (a) has a relation with thermal conductivity (K); K = Q Cp a, where Q:
density, Cp = thermal capacity. These data of diffusivity show the great difference to say that thermal
conductivity increases in a sufficient amount by using the atomized powder.
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Fig. 6. X-ray diffraction patterns of atomized U-2wt.%Mo powder (a) and
U-10wt.%Mo powder (b).
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Fig. 7. DSC curves of atomized U-2wt.%Mo powder (a) and U-10wt.%Mo powder (b)
during continuous heating.
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Fig. 8. Fabrication porosity in hot-rolled and extruded dispersion cores with U,Sb particles.

Fig. 9. Microstructure of hot-rolled cores (a) and extruded cores (b) containing
50 vol.% atomized U3Si2 powder.

Fig. 10. U3Si fuel particles reoriented by extrusion; (a) Comminuted particles,
(b) Atomized particles.
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Swelling phenomenon happens by the reaction between dispersed particles and Al matrix in the
dispersion fuels. It is shown in Fig. 11 that the fuel meat with the atomized particles changes its volume by
15% less than the one with the comminuted particles in thermal reaction. It is supposed that such a difference

^ 20

15
2

CD
© 10

3

'

•

Fuel Meat
—0—Ato. 400°C
—0— Pul. 400°C
-A—Ato. 35O°C
-A— Pul. 350°C
—D—Ato. 300°C
- • — Pul. 300°C
-V—Ato. 250°C
—V— Pul. 250°C

-
•

• / o /

/ / ° >̂

10 100

Time(hr)
1000 10000

Fig. 11. The rate of thermal reaction between fuel particles and aluminum matrix at various
temperatures in comparison between the atomized powder and comminuted one.
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Fig. 12. X-ray diffraction patterns of U-Mo alloy fuel meats after annealing

at 400 "C; (a) U-2wt.%Mo alloy, (b) U-10wt.%Mo alloy.
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is resulted from the smaller specific surface area of atomized spherical powder relative to comminuted
powder.

Table 2 shows the results of swelling test for the fuel meat of two kinds of U-Mo alloys (U-2wt.%Mo
and U-10wt.%Mo) with 24 vol.% at 400°C. U-2wt.%Mo and U-10wt.%Mo fuel meats are not greatly swollen
after holding at 400°C for 1000 hours. U-10wt.%Mo fuel meat almost does not swell, below 5%, but U-
2wt.%Mo fuel meat is largely expanded after annealing at 400°C for 2000 hours. X-ray diffraction patterns
of fuel meats after annealing at 400°C are shown in Fig. 12. Most of y-U phase in two kinds of U-Mo fuel
meats remain as they were. This confirms that the y-U phase of atomized U-Mo powder can be retained for
the extended times, presumably because the diffusion-controlled transformation is retarded [20-21].

Table 1. Thermal diffusivity varying with U-loading the meat with comminuted
particles and with the atomized particles.

powder
contents

vol%

10.6

15.1

21.7

29.2

41.5

comminution fuel
(atf/sec)

longitudinal

0.64

0.61

0.55

0.50

0.31

seats

transverse

0.50

0.41

0.36

0.30

atomization fuel
(atf/sec)

longitudinal

0.64

0.57

0.54

0.48

0.34

meats

tranverse

0.49

0.46

0.42

0.31

Table 2. Dimensional changes of Al-24vol.%U-Mo alloy fuel meats after annealing at 400 V.

(Unit: %)

Time
(hr)

11

40

107

350

1000

2000

U-2Mo Alloy

A {

-0.15

-0.03

+0

+0.19

+1.83

+4.28

A d

-0.17

-0.30

-0.23

+0.06

+0.39

+10.86

A V

-0.49

-0.63

-0.46

+0.31

+2.61

+26

U-lOMo Alloy

A t

-0.09

-0.02

-0.14

-0.07

-1.04

0.12

A d

-0.18

-0.06

-0.05

0

-1.52

-0.11

A V

-0.45

-0.14

-0.24

-0.07

-4.08

-0.34
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4. Conclusion

Rotating disk centrifugal atomization technique was applied in producing the fuel powder of
uranium-silicide and uranium-molybdenium alloy.

The particle size distribution could be controlled by adjusting the atomization parameters
irrespective of alloy composition. The resulting particle shape is near perfectly spherical with relatively
narrow distribution which gives no chance of anisotropic alignment of the particles along the working
direction.

Most of the nuisances in the fabrication process of uranium-silicide fuels could be eliminated by
obtaining the powder directly from the molten alloys, which enhances the production economy and results
in the product powder with less impurities. Thermal conductivity increases in the radial direction due to the
isotropic distribution of particles in U3Si fuel rod. Formability increases in the extruded U3Si2 fuel rod using
spherical powders, which improves U-loading drastically.

U-Mo powder has high density and fine grain structure with isotropic Y-U phase. In addition, U-Mo
fuel meats, especially U-10wt.%Mo, show good thermal compatibility with Al matrix and maintain
microstructure stability. y-U phase in U-Mo fuel meats shows relatively good microstruture stability in the
operation temperature.

Therefore atomized uranium-silicide and U-Mo powder are suggested to be the potential candidates
for high uranium-loading fuel for the purpose of reducing enrichment for research and test reactors.
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