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Abstract 

The thermal compatibility of centrifugally atomized U - M o  alloys with aluminium has been studied. The results of the 
investigations show that the U - 2  wt% Mo/aluminum dispersions increase in volume by 26% at 400°C after 2000 h. This 
large volume change is mainly due to the formation of voids and cracks resulting from nearly complete interdiffusion of 
U - M o  and aluminum. No significant dimensional changes occur in the U-10  wt% Mo/aluminum dispersions. Interdiffu- 
sion between U-10  wt% Mo and aluminum is found to be minimal. The different diffusion behavior is primarily due to the 
fact that U-10  wt% Mo particles are much more supersaturated with substitutional molybdenum than U-2  wt% Mo 
panicles. The aluminum diffuses into the U-2  wt% Mo particles relatively rapidly along grain boundary with nearly pure 
uranium, forming UAI 3 almost fully throughout the 2000 h anneal, whereas the molybdenum supersaturated in the U-10  
wt% Mo particles inhibits the diffusion of aluminum atoms. U-10  wt% Mo displays superior thermal compatibility with 
aluminum compared to U-2  wt% Mo. © 1997 Elsevier Science B.V. 

1. Introduction 

In the renewed fuel development program of the Re- 
duced Enrichment for Research and Test Reactors (RE- 
RTR) Program the development of a high density ~/-U 
phase alloy has been undertaken [1]. As well, it has been 
reported that high-density atomized U - M o  powders pre- 
pared by rapid solidification consist of the metastable 
isotropic ~/-U phase and possess good phase stability, 
especially in U-10  wt% Mo alloy fuel [2]. There was a 
considerable amount of volume increase in U alloys dis- 
persed in aluminum resulting from the formation of the 
uranium aluminide and usually accompanied by an inter- 
diffusion or an interfacial reaction between the dispersant 
and aluminum, at the operation temperature of the research 
reactor, even in the absence of a neutron flux [3]. Some 
characteristics, such as swelling of the dispersant- 
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aluminum composites, detrimentally affect the perfor- 
mance of nuclear fuel materials. If the alloy has good 
thermal compatibility with the aluminum matrix and the 
metastable gamma phase can be maintained during irradia- 
tion, U - M o  alloy would be a prime candidate for disper- 
sion fuel for research and test reactors. 

Atomized U - M o  particles can be considered as poly- 
crystalline metastable ~/-U grains supersaturated with Mo 
[2]. In an attempt to evaluate the required properties of 
uranium-aluminum, which can be regarded as a model 
system for the U-Mo-A1 composites, a number of investi- 
gations have been performed on the interfacial reaction 
between uranium and aluminum [4-6]. It has been reported 
that, in the uranium-aluminum system, the isolated 'is- 
lands' of unreacted uranium originated from non-planar 
intermediate phase layer growth [7-9]. Based upon the 
preceding investigations in the uranium-aluminum system 
[4-9], the present work considers the dimensional changes 
and the formation of uranium aluminide phases resulting 
from the reaction system between the U-Mo dispersant 
and aluminum matrix. For this purpose U - M o  alloy pow- 
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ders with very-high densities, >_ 15 × 10 -s  kg U / m  3, 
were prepared by rotating-disk centrifugal atomization. 
The fuel rods are made by extruding the blended powders 
with atomized U - M o  and aluminum. The characteristics 
relating to the thermal compatibility of U - 2  wt% Mo and 
U-10  wt% Mo alloy fuels have been examined. 

2. Experimental 

Depleted uranium rods (99.9% pure) and molybdenum 
buttons (99.7% pure) were used for the preparation of the 
U - M o  powders, by rotating-disk centrifugal atomization. 
Dispersion fuel samples were prepared by extruding the 
blended powders with atomized U - M o  and AI at 400°C. 
U - 2  wt% Mo and U - 1 0  wt% Mo alloy fuel samples (25 
mm long) were annealed at 400°C for various times. After 
each annealing interval, the dimensional changes of the 
specimens were measured. 

The samples were polished to a 3 ixm diamond paste, 
and then etched with reagent (nitric acid:acetic acid = 1:1) 
then examined by scanning electron microscopy (SEM) in 
order to characterize the morphology and the microstruc- 
ture of the fuel meat. Electron-probe micro-analysis 
(EPMA), energy dispersive spectrometry X-ray analysis 
(EDX), and X-ray diffraction analysis (XRD) using Cu K,~ 
radiation, were also used to determine the chemical com- 
position and the phase content of the samples. 

3. Results and discussion 

Table 1 shows the dimensional changes of the A1-24 
vol.% U - 2  wt% Mo and U - 1 0  wt% Mo alloy fuel sam- 
ples annealed at 400°C for various times. Both U - 2  wt% 
Mo and U - 1 0  wt% Mo samples decrease in volume by a 
small amount during the first 100 h of heat treatment. This 
minor shrinkage may be due to some consolidation of the 
as-fabricated pores. However, after 1000 h a clear differ- 
ence is observed between the two fuel compositions. After 
annealing at 400°C for 2000 h the U - 2  wt% Mo sample 
shows a large volume increase, up to 26%. The volume of 

Table 1 
Dimensional changes of A1-24 vol.% U-Mo 
annealing at 400°C for various times (unit: %) 

fuel samples after 

Time U-2 Mo alloy U-10 Mo alloy 

(h) A f  Ad AV A f  Ad AV 

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 0 -0.23 -0.46 -0.14 -0.05 -0.24 
350 +0.19 +0.06 +0.31 -0.07 0 -0.07 

1000 + 1.83 +0.39 +2.61 - 1.04 - 1.52 -4.08 
2000 +4.28 + 10.86 +26.0 -0.12 -0.11 -0.34 

Fig. t. Scanning electron micrographs of U-2 wt% Mo fuel 
sample after annealing at 400°C for 2000 h; (a) X 75, (b) × 2000. 

U-10  wt% Mo sample, on the other hand, remains the 
same except for a temporary decrease after the 1000 h 
anneal. Such a large volume increase is not exceptional in 
dispersion fuel compatibility tests. It is attributed to exten- 
sive interdiffusion of fuel and aluminum matrix, which 
apparently is accompanied by the formation of a large 
amount of porosity involving generation of pores and 
cracks filled with desorbed gases. The complete interdiffu- 
sion of U - M o  and aluminum in the samples would amount 
to a volume increase of only 2.5%, far short of the 
observed change in volume. Metallographic examinations 
of U - 2  wt% Mo fuel sample annealed for 2000 h (Fig. 1) 
indeed confirm the existence of pores and cracks as the 
predominant cause of large volume increase in this sample. 
It is thought that aluminum atoms related to the diffusion 
into U - 2  wt% Mo particles leave vacancies which develop 
further into voids. An interdiffusion or an interfacial reac- 
tion between the dispersant and aluminum results in the 
formation of uranium aluminide with low density around 
the particle periphery as the reaction proceeds with time. 
The growth of the intermediate phase of the U - M o  parti- 
cles causes a tensile stress zone around the peripheral 
boundary as the volume of the uranium aluminide in- 
creases. The higher tensile constraints are imposed upon 
the brittle uranium aluminide layer with the growth of the 
intermediate phase. Eventually, cracks appear around the 
particle periphery at the moment that the tensile stress 
exceeds the mechanical strength of the brittle uranium 
aluminide [10,1 I]. 
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Fig. 2. Electron-probe micro-analysis traces on AI-24 vol.% U-2 
wt% Mo fuel sample annealed at 400°C for 2000 h. 

Electron-probe micro-analysis (EPMA) traces on the 
annealed sample for 2000 h (Fig. 2) confirm formation of 
an intermediate phase layer in the interface between the 
U - M o  particle and the AI matrix. The composition profile 
shown in the probe trace illustrates a slow decrease of AI 
around the interface, a considerable penetration of AI 
atoms through the interface and some A1 penetration in the 
unreacted large island, which is regarded as the evidence 
of a large volume change (26%) in the sample annealed for 
2000 h. The results of an area scan analysis of the U - 2  
wt% Mo sample annealed for 2000 h by using energy 
dispersive X-ray spectroscopy (EDX) are shown in Table 
2. The analysis results indicate that large islands are 
composed of 92 at.% U, 7 at.% Mo and 1 at.% AI, 
whereas small islands consist of 68 at.% U, 3 at.% Mo and 
28 at.% AI. In addition, the EDX analysis results show that 
the matrix consists of 76 at.% A1, 22 at.% U and 0.9 at.% 
Mo. The X-ray diffraction pattern shows that the U - 2  wt% 
Mo fuel sample after heat treatment for 2000 h consists of 
UAI3, c~-U, U2Mo, "y-U and AI phase (Fig. 3). It is 
worthwhile to mention that the uranium-aluminide with a 
small amount of molybdenum, mainly UAI 3, is formed in 
the U - M o  particles due to the diffusion of AI atoms. 
EPMA analysis indicates substantial aluminum penetration 
into the fuel particles. Interdiffusion appears to be charac- 
terized by aluminum diffusion along the U - M o  grain 
boundaries. Diffusion of aluminum in uranium is relatively 
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Fig. 3. X-ray diffraction patterns for U-2 wt% Mo fuel sample 
after heat treatment at 400°C for 2000 h. 

rapid and, particularly in U-2  wt% Mo, the grain bound- 
ary areas consist of nearly pure uranium. This grain bound- 
ary penetration by aluminum results in significant swelling 
of the dispersion samples. The interdiffusion of aluminum 
and uranium normally results in the formation of UAI3, 
which is also the case here. Proceeding from the particle 
perimeter, relatively large islands of unreacted fuel are 
enveloped by UAI 3. These larger islands are then con- 
sumed by the further growth of the UA13 phase which then 
becomes the fuel matrix, thus leaving small islands dis- 
persed throughout the new UAI 3 phase. 

EPMA traces with backscattered electron images on the 
annealed AI-24 vol.% U-10  wt% Mo sample for 2000 h 
(Fig. 4) indicate a relatively slow decrease around the 
interface and some diffusion of AI atoms through the 
interface. The area scan analysis using EDX also shows 
that some aluminum atoms (about 3 at.%) have penetrated 
into U--10 wt% Mo particles. AI atoms are present in the 
grain boundary (2 at.%) more than in the grain (2 at.%). It 
is thought that such concentration distribution is associated 
with some penetrations of A1 atoms along the grain bound- 
aries in U-10  wt% Mo particles, like U - 2  wt% Mo 

Table 2 
Area scan analysis of U-2 wtC7~ Mo fuel sample with energy 
dispersive X-ray spectroscopy after annealing at 400°C for 2000 h 

Locations Composition (at.%) 

uranium molybdenum aluminum 

Fuel matrix 22 < I 76 
Small islands 68 3 28 
Large islands 92 6 1 Fig. 4. Electron-probe micro-analysis traces on U-IO wt% Mo 

fuel sample annealed at 400°C for 2000 h. 
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Fig. 5. Scanning electron image on U-10 wt% Mo fuel sample 
annealed at 400°C for 2000 h. 

from its as-solidified cored structure, despite long heat 
treatment at 400°C. It is supposed that molybdenum atoms 
supersaturated in the grain boundary inhibit the diffusion 
of aluminum atoms which proceeds along the grain bound- 
ary of the U - 1 0  wt% Mo particle. The annealed U - 1 0  
wt% Mo specimen has a longer incubation time for the 
volume change, compared with the annealed U - 2  wt% Mo 
sample [ 12,13]. Hence, it is thought that the diffusion-con- 
trolled swelling resulting from AI penetration can be greatly 
retarded by heavy supersaturation with Mo atoms in the 
~/-U solid solution of the U - 1 0  wt% Mo particle. 
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