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1. Introduction

Research on the intermetallic compounds of uranium was revived in 1978 with the decision by
the international research reactor commurdty to develop proliferation-resistant fuels. The reduction of
93% mU igh Enrichment Uranium or HEU) to 20% 2 (Low Enrichment Uranium or LEU)
necessitates the use of higher U-Joading fuels to accommodate the additional 2-sU in the LEU fuels.
While the vast majority of reactors can be satisfied with USi2-A1 dispersion fuel, several high
performance reactors require high loadings of up to 89 g U cm -3.

Consequently, in the renewed fuel development program of the Reduced Enrichment for
Research and Test Reactors (RERTR) Program, attention has shifted to high density uranium alloys.
Early irradiation experiments with uranium alloys showed promise of acceptable irradiation behavior,
if these alloys can be maintained in their cubic 7-U crystal structure [1]. It has been reported that
high density aton-dzed U-Mo powders prepared by rapid cooling have metastable isotropic 7-U
phase supersaturated with molybdenium, and good phase stability, especially in U-IOwt.%Mo
alloy fuel 2 If the alloy has good thermal compatibility with aluminum, and ts metastable
gamma phase can be maintained during irradiation, U-Mo alloy would be a prime candidate for
dispersion fuel for research reactors. In this paper, U-2wt.%Mo and U-IOwt.%Mo afloy powder
which have high density (above 15 -U/cm!), are prepared by centrifugal aton-dzation. The U-Mo alloy
fuel meats are made into rods by extruding the atomized powders. The characteristics related to the
thermal compatibility of U-2wt.%Mo and U-10wt.%Mo alloy fuel meat at 400'C for time up to 2000
hours are exan-dned.

2. Experimental procedure

Depleted uranium lumps 99.9 pct pure) and molybdenium buttons 99.7 pct pure) were used in
the preparation of the U-Mo powders by rotating-disk centrifugal aton-dzation. The fuel meats are
prepared with atornized powders by extruding at 400'C. U-2wt.%Mo and U-IOwt.%Mo alloy fuel
meat were annealed at 400'C at various times. After 'heat treatment, the dimensional changes in the
specimens were measured. The samples then were examined in a scanning electron n-croscope (SEN�
to haracterize the morphology and the microstructure of fuel meat. Electron-probe -cro-analysis
(EPMA), energy dispersive spectrometry X-ray analysis (EDX) and X-ray diffraction analysis (XRD)
were applied to make identification of composition and phase.

3. Results and discussion

Table shows the dimensional changes of the A-24voI.% U-2wt.%Mo and U10M.Wo alloy
samples annealed at 400'C during various times. U-Mo fuel meats in the as-fabricated condition
contain a small amount of porosity. Sintering of fuel meats would explain the - 4 densification
during the initiaI time of heat treatment. U-2wt.%Mo fuel meat shows a large volume increase up to
26% after holding at 4001C for 2000 hours. However, the A-24vol.% U-1owt.%Mo fuel meat shows
only a slight 034%) volume change after annealing at 400'C for 2000 hours.

Backscattered electron ima-es of A-24vol.% U-2wt.%Mo samples after annealing at 4001C for
2000 hours are illustrated in Fig. 2 Almost all particles in the U-2wt.%Mo annealed for 2000 hours
sample exhibit an irregular interface resulting from diffusion between U-Mo particle and aluminum
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matrix. Also, particle cracking, which is known to originate from the formation of brittle intermediate
compounds, is observed in the U-2wt.%Mo sample annealed for 2000 hours at the peripherical
boundary of particle 3 Castleman attributes the cracks to stress enerated by volume dhanges
during the reaction into the intermetallic compounds 4 In the current study, it is thought that
cracks are formed as a result of the constraints imposed upon the brittle interinediate phase by the
geometry of the specimen configuration. On the other hand, this fuel meat shows two aspects of the
penetration of aluminum atoms resulting in volume expansion. Fuel particles, illustrated in Fig.
1-(a), are mainly composed of large islands, unreacted regions located in the center of the particle,
and small islands, somewhat penetrated regions directed toward the center. It is shown that the new
phases developed in the peripherical boundary of the U-Mo particle, but did not develop greatly in
the center part of the particle, It implies that the new phase appears to have begun to form from
the circumferential rim due to the diffusion routes penetrated along what was unstable paths such as
the original grain boundaries of the uranium solid solutions it is thought that large islands are
regions unreacted with alurninum, which contain low Mo content according to the EDX results. Fuel
particles illustrated in Fig. 1b) is mainly composed of small islands, somewhat penetrated regions
directed toward te center of U-2wt.%Mo power. It is shown that the penetration of aluminum
atoms in the initial step proceeds mainly at the circumferential part of the U-Mo particle, but in the
final step the formation of intermediate phases begins toward the center of the particle. The original
uranium grain has gradually been reduced to small islands surrounded by the new phase in the
matrix of U-Mo particles. In the long run, all regions of fuel particles are filled with U-Al
compounds. The developed reactions cause an overall volume increase in the dispersion fuel.

Electron-probe n-dcro-analysis traces with backscattered electron images carried out on these
annealed U-2wt.%Mo samples for 100 hours (Fig. 2-(a)) confirms that there is no formation of an
intermediate phase region between the U-Mo particle and the Al matrix. The sharp drop in Al
composition shown in the probe trace of Fig. 2-(a) shows little penetration of Al atoms through the
interface between U-Mo particle and Al matrix. This is regarded as evidence of no volume change in
the annealed samples for 100 hours, as shown in Table 1. Electron-probe n-dcro-analysis traces on
these annealed samples for 2000 hours (Fig. 2-(b)) confirms little formation of a tck intermediate
phase layer between U-Mo particle and Al matrix. The Al composition profile shown in the probe
trace of Fig. 2-(b) illustrates a slow decrease around the interface, a considerable penetration of Al
atoms through the interface, and little Al penetration in the large island, which is regarded as
evidence of a large volume change 26%) in sample annealed for 2000 hours, as shown in Table .
Area scan analyses of U-2wt.%Mo samples with EDX after annealing at 4001C for 2000 hours are
illustrated in Table 2 It is detennined that the matrix regions of the particle mainly cnsists of UA13
with dispersed voids, wle the large islands contain few aluminum atoms and the small islands
consists of uranium penetrated by lots of aluminum atoms. Fig. 3 shows the XRD patterns for
Al-24vol.% U-2wt.%Mo fuel meats after heat treatment at 400'C for 2000 hours. The phases of
U-2wt.%Mo fuel meats consists of Al, UAb, 7-U and a-U phase. It is worth noticing that
uranium-aluminide, mainly UA13, is formed in the original U-Mo particles due to the dfusion of Al
atoms. his result also corresponds with area scan analyses with EDX on n-dcrostructures.

Electron-probe n-dcro-analysis traces with backscattered electron images carried out on this
annealed A-24vol.% U-10wt.%Mo sample for 2000 hours (Fig. 4-(a)) indicates little formation of a
thick reaction layer between U-Mo particle and Al matrix as in the case of U2wt.%Mo samples.
The Al composition profile shown in the probe trace of Fig. 4-(a) illustrates a relatively sow
decrease around the interface, but a little diffusion of AI atoms through the interface, wch is
regarded as evidence of few volume changes in samples annealed for 2000 hours as shown in Table
1. Micrographs of U-10wt.%Mo fuel meat g. 4-(b)) show no prominent formation of irregular
interfaces, cracks and voids in the particles associated with swelling. Micrographs of U-10wt.%Mo
fuel meats annealed for 100 and 2000 hours show that the fine cellular structure below 5 pm in size
remains without great coarsening of uranium grains despite long annealing. Also, the SEM images of
U-10wt.Mo powder like the rapidly solidified microstructure still reveal some Mo segregation or
cored n-dcrostructure around the -rain boundary 6 EMA trace with backscattered electron image
and scan electron image carried out on these U-IOwt.%Mo samples annealed for 100 hours (Fig. 6)
also illustrate that some Mo segregation around the grain boundary still exists. It is supposed that
molybdenium atoms cored in the grain boundary ihibit the diffusion of aluminum atoms which
proceeds along the grain boundary into the U-Mo particle. Thence, it is thought that the
diffusion-controlled swelling resulted from Al penetration can be retarded by a band barrier
segregated with Mo atoms around the grain boundary 671.
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4. Conclusion

The U-2wt.%Mo fuel meat shows reat dimensional changes, formations of uranium "islands",
voids and new phase, and irregular interfaces after 2000 hours at 4001C, but the U-IOwt.%Mo fuel
meat doesn't show. The U-2wt.%Mo particles do react with the aluminum and cause great fuel
swellin-. The amount of reaction and fuel swellin- increases with increases in time. The aluminum

0 0
appears to diffuse into the U-2wt.%Mo particles along unstable pathways such as a bo daries to
form the new U-Al compounds, resulted in an volume increase in the dispersion fuel. In the
contrast, the molybdenium segregated around the rain boundary of U-10wt.%Mo particles inhibit the0
diffusion of aluminum alon- the -rain boundary into the particle, resulted in a slight swellin-0 0,

References

1. G. L. Hofman and L.C. Walters, Materials Science and Technology, Vol. 10A, Nuclear Materials,
B.R.T. Frost ed. VCH Publishers, N.Y. 1994).

2. K. H. Kim, et. al., Pro. of 19th International Meetina on Reduced Enrichment for Research and
Test Reactors, Seoul, South Korea, 1996).

3. L.S. Castleman, J. Nucl. Mat., 3 1 1961).
4. M. A. Feraday, M.T. Foo, D. Davidson, and J. E. Winegar, Nucl. Technology, 9, 233 1982).
5. D. Subramanyam, M. R. Notis, and J. 1. Goldstein, Metal. Trans. 16A, 589 1985).
6. K. H. Ekelmeyer, Microstructural structure, Vol. 7 Fallen, McCall, eds., 1977).
7. D. E. Thomas, et. al., Pro. of Second International Conference on Peaceful Uses of Atomic Energy,

5, 610 1958).

(Unit: )

Time U-2Mo Alloy U-10Mo Alloy

(hr) A d d A V

11 -0.15 -0.17 -0.49 -0.09 -0.18 -0.45

40 -0.03 -0.30 -0.63 -0.02 -0.06 -0.14

107 I +0 -0.23 -0.46 -0.14 -0.05 -0.24

350 +0.19 +0.06 +031 -0.07 0 -0.07

1000 +1.83 +0.39 +2.61 1 -1.04 -1.52 -4.08

2000 +4.28 i +10.86 +26 0 12 -0.11 -0.34

Table 1. Dimensional chances of Al-24vol.% U-Mo fuel meats after annealin- at 400'C0 0
durin- various times.

(a) (b)

Fi-. 1. Backscattered electron ima-es of Al-24vol.% U-2wt.%Mo fuel meat after annealing at 400'C for0 0 0
2000 hours; (a) larae and small islands, (B) only small islands.
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(a) (b)

Fig. 2. Electron-probe micro-analysis traces with backscattered electron images carried out on the
annealed U-2wt%Mo fuel meats after annealing at 400 °C; (a) 100 hours, (b) 2000 hours.

Locations

Matrix

Small
Islands

Large
Islands

Composition(at.%)

Uranium

23.1

67.8

93.1

Molybdenium

0.2

3.2

6.9

Aluminum

76.7

29.1

0

Table 2. Area scan analyses of U-2wt.%Mo fuel
meat after 400 °C for 2000 hours.

(a)

Fig. 3. X-ray diffraction patterns for U-2wt.
Mo fuel meat after heat treatment
at 400 °C for 2000 hours.

(b)

Fig. 4. Electron-probe micro-analysis traces (a) with backscattered electron image (b) carried out on
the annealed U-10wt%Mo fuel meat after annealing at 400 °C for 2000 hours.

Fig. 5. Electron-probe micro-analysis trace (a) and scanning electron image (b) carried out on the
annealed U-10wt.% fuel meat at 400°C for 100 hours.
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