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ABSTRACT
The development of metallic fuels with low enrichment to be used in research and test reactors, as well in the
future pressurized water reactors, focuses on the search for uranium alloys of high density. Alloying elements
such as Zr, Nb and Mo are added to uranium to improve fuel performance in reactors. In this context, the Centro
de Desenvolvimento da Tecnologia Nuclear (CDTN) in Belo Horizonte is developing the U-2.5Zr-7.5Nb and U3Zr-9Nb (weight %) alloys by the innovative process of sintering that utilizes raw materials in the form of
powders. The powders were pressed at 400MPa and then sintered under a vacuum of about 5x10-6 Torr at
temperatures ranging from 1050o to 1300 oC. The densities of the alloys were measured geometrically and by
hydrostatic method using water. The microstructures of the pellets were observed by scanning electron
microscopy (SEM) and the elements of alloying were identified by energy dispersive X-ray spectroscopy
(SEM/EDS) analysis. The obtained results showed a small increasing density with rising sintering temperature.
The highest density achieved was approximately 80% of theoretical density. It was also qualitatively observed
that the superficial oxidation of the pellets increased with increasing sintering temperature thus avoiding the
fusion of the alloys at higher temperatures.

1. INTRODUCTION
The U-Zr-Nb ternary alloys have been known as a promising metallic nuclear fuel to be used
in low power or research reactors, since zirconium and niobium have a low thermal neutron
cross section [1-2]. Also, U-Zr-Nb alloys are of interest because of their potential use in the
future pressurized water reactors as well in the fast breeder reactor [3,4]. Additionally,
uranium alloyed with Zr and Nb has excellent corrosion resistance and dimensional stability
during thermal cycling [5,6]. On the other hand, the physical metallurgy of U-Zr-Nb alloys in
the literature is scarce probably because of their strategic importance [7-10].
A potential advantage of the sintering method, in addition to its simplicity, is to minimize the
carbon contamination of the uranium alloys, difficult to attain with the conventional melting
method in induction furnace with graphite crucible. In this way, it can decrease the metallic
carbide precipitates in the alloys that could result in a lower segregation of alloying elements
and, consequently, a more homogeneous microstructure [10-12].
This work deals with the obtaining of U-2.5Zr-7.5Nb and U-3Zr-9Nb alloys by using the
sintering method and characterized by techniques as scanning electron microscopy, energy
dispersive X-ray spectroscopy and density measurements by geometrical and hydrostatic
methods.

2. EXPERIMENTAL
The U-Zr-Nb alloys were prepared by powder metallurgy. The raw materials used in this
work were zirconium (Alfa Aesar, ≥97.0%) and niobium (Alfa Aesar 99.8%) powders and
uranium powder obtained in our laboratory by hydriding-dehydriding method [13]. The
uranium, zirconium and niobium powders were mixed together in a rotating mixer for 3 hours
in two separately batches of different compositions: 90wt% uranium, 2.5wt% zirconium,
7.5wt% and 88wt% uranium, 3wt% zirconium and 9wt% niobium. The batches were
compacted at 400 MPa in a double action hydraulic press in a 11 mm die into cylindrical
pellets without use of lubricant. The green pellets were loaded on a stabilized zirconia
crucible in a tubular furnace for the sintering process. The sintering conditions adopted were
heat treatments at temperature of 1050oC under vacuum of about 1x10-4 mm of Hg and at
temperature range from 1200 to 1500oC under an inert atmosphere of argon (99.99%). The
temperature of 1500oC is near to liquidus line as shown on the phase diagram available in the
literature [14].
Characterizations were performed through the determination of the pellet densities employing
geometrical and hydrostatic methods, the X-ray diffraction-XRD (Rigaku, D\MAX
ULTIMA) to phase identification and the scanning electron microscopy (SEM) coupled by
energy dispersive spectrometry (EDS) to investigate the homogeneity of the alloys. For
metallographic analysis, the sintered pellets were prepared by hot pressed mounting, ground
and polished by using metallography procedures. The microstructures of the samples were
analyzed without etching.

3. RESULTS AND DISCUSSION
In Figure 1 are shown the results of SEM and XRD for the zirconium, niobium and uranium
powders. It is observed in the SEM results that zirconium powders exhibit very small and
approximately spherical particles with a smooth surface morphology (Fig. 1a). Differently,
both the niobium and uranium powders (Fig.1b and Fig.1c) revealed irregular and sharp
particles morphology. The XRD patterns of Zr, Nb and U powders are also presented in
Figure 1 showing the absence of any oxide peak in these powders that confirms no detectable
quantity oxygen pick up during powders handling.
The green densities of the U-2.5Zr-7.5Nb and U-3Zr-9Nb pellets, measured by geometrical
method, were 10.0g/cm3 and 9.8g/cm3, respectively. An insignificant density difference
between both compositions for pellets compacted at 400 MPa was observed.
By visual inspection a smooth finish showing no cracking was observed in the sintered pellets
containing an oxidized layer on the surface. The oxidized surface was probably formed due to
a poor vacuum obtained in the sintering process. For alloys characterization this deleterious
surface was removed.
Figure 2 presents the results of sintered densities in function of temperature. The densities
were measured by hydrostatic method using water. It can be observed in this figure that as
sintered temperature increases, the density increases and the highest sintered density was
13.40g/cm3 at maximum temperature of 1500oC for the U-2.5Zr-7.5Nb alloy.
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Figure 1. Optical micrographies of the Zr, Nb and
U powders and their respective XRD patterns.
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Figure 2. Sintered pellets densities in function of
temperature of the alloys U-2.5Zr-7.5Nb and U-3Zr-9Nb.

The XRD patterns of the U-2.5Zr-7.5Nb and U-3Zr-9Nb sintered alloys are plotted in
Figure 3. Three phases were revealed by patterns for samples sintered at 1050oC under
vacuum as following: uranium alpha, uranium gamma and UO2. It is observed that the U2.5Zr-7.5Nb alloy (Fig. 3a) has a smaller amount of uranium gamma phase than the U-3Zr9Nb alloy (Fig. 3b). This is consistent with the results of the literature [1,9,10] where it can
be observed that the greater amount of alloying elements the greater the amount of the
gamma phase. Furthermore, it is also seen the uranium gamma and UO2 phases in the pellets
sintered at temperatures of 1200oC and 1300oC under argon atmosphere but the presence of
the alpha phase could not be found.
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Figure 3. X-ray diffraction patterns of samples of
U-2.5Zr-7.5Nb and U-3Zr-9Nb sintered at 1050oC
(vacuum), 1200 and 1300oC (argon).

Typical SEM micrographies for the U-2.5Zr-7.5Nb alloy were shown in Figure 4. It was
observed characteristics phases in the alloys obtained after sintering at temperature of
1500oC under argon atmosphere which presented a higher density (13.4g/cm3).
Characteristics of the phases were also observed in the U-3Zr-9Nb alloy and they remained
similar in all temperature range studied differing only in the porosity. In the Figure 4, these
phases were identified as a white matrix predominant phase, a light gray and a dark gray
minority phases and finally a black pore phase. It seems this predominant phase is the gamma
phase that was identified through some lines of the XRD analysis (see Figure 3), but the other
phases still were not identified possibly due to unknown lines on the patterns that need a
more careful investigation.

Figure 4. SEM micrography of the sintered pellet
at 1500oC under argon atmosphere.

The Table 1 shows the EDS results for U, Zr, Nb. Moreover, it was observed in the EDS
spectra peaks of oxygen in all phases indicating dissolved oxygen in the structure of the
alloys.
As the uranium metal powder is highly susceptible to oxidation [12,13] a more effective way
is necessary to avoid oxygen contamination during the powder handling. Furthermore, the
vacuum system in sintering process must be improved.
Table 1. EDS results of the sintered pellet at 1500oC under argon atmosphere
U
(wt%)

Zr
(wt%)

Nb
(wt%)

light phase

79

3

18

light gray phase

87

3

10

dark gray phase

11

84

5

4. CONCLUSIONS
Two different U-Zr-Nb alloys were obtained through sintering process under vacuum and in
argon atmosphere with density until 13.4g/cm3. It was observed by visual inspection pellets
with smooth finish showing no cracking and an oxidized layer on the surface. Phases were
identified as a white matrix predominant phase, a light gray and a dark gray minority phases
and finally a black pore phase. This predominant phase it seems to be the gamma phase that
was identified through some lines of the XRD analysis, but the other phases still were not
identified possibly due to unknown lines on the patterns that need a more careful
investigation.

ACKNOWLEDGMENTS
The authors are grateful to Fundação de Amparo a Pesquisa do Estado de Minas Gerais
(FAPEMIG) for the financial support.

REFERENCES
1. A. Ewh, E. Perez, D.D. Keiser Jr., Y.H. Sohn . “Microstructural Characterization of UNb-Zr, U-Mo-Nb, and U-Mo-Ti Alloys via Electron Microscopy”. Journal of Phase
Equilibria and Diffusion, v. 31 n. 3 (2010).
2. IAEA-TECDOC-1374. Development status of metallic, dispersion and non-oxide
advanced and alternative fuels for power and research reactors. September 2003.
3. A. Savchenko , A. Vatulin, I. Konovalov, A. Morozov, V. Sorokin, S. Maranchak. Fuel of
novel generation for PWR and as alternative to MOX fuel. Energy Conversion and
Management, v.51, p. 1826–1833 (2010).
4. J. C. K. Pasamehmetoglu - Options Study Documenting the Fast Reactor Fuels Innovative
Design Activity. Idaho National Laboratory - Fuel Cycle Research & Development Fuels
Campaign - Idaho Falls, Idaho 83415, July 2010.
5. C. M. Cady, G.T. Gray, S.A. Chen, E.K. Cerreta, C.P. Trujillo, M.F. Lopoz, A.M. Aikin,
D.A. Korzekwa, and A.M. Kelly. The mechanical response of a uranium-niobium alloy: a
comparison of cast versus wrought processing. Los Alamos NATIONAL
LABORATORY. DYMA T Brussels, Belgium - SEPT 7-11, 2009.
6. Douglas E. Burkes , Randall S. Fielding, Douglas L. Porter. “Metallic fast reactor fuel
fabrication for the global nuclear energy partnership”. Journal of Nuclear Materials, v.
392, p. 158–163 (2009).
7. H. H. Chiswik, A. E. Dwight, L. T. Lloyd, M. V. Nevitt and S. T. Zegler. Advances In
The Physical Metallurgy Of Uranium And Its Alloys. Second United Nations
International Conference on the Peaceful Uses of Atomic Energy, June (1958).
8. Aaron R. Totemeier Æ Sean M. McDeavitt. “Powder metallurgical fabrication of
zirconium matrix cermet nuclear fuels”. Journal of Materials Science, v.44, p.5494–5500
(2009).
9. J. W. Koger, A. M. Ammons, J. E. Ferguson. Effect of aging on the general corrosion and
stress corrosion niobium alloy cracking of uranium-6 wt, November (1975).
10. H.M. Volz, R.E. Hackenberg, A.M. Kelly, W.L. Hults, A.C. Lawson, R.D. Field, D.F.
Teter, D.J. Thoma. “X-ray diffraction analyses of aged U–Nb alloys”. Journal of Alloys
and Compounds, v.444–445, p. 217–225 (2007).
11. Kim, Tae-Kyu et al. “Sintering behavior of U-80 at.%Zr powder compacts in a vacuum
environment”, Journal of Nuclear Materials, v. 372, p. 394-399, 2008.
12. Sinha, V. P. et al. “Development preparation and characterization of uranium
molybdenum alloys for dispersion fuel application”. Journal of Alloys and Compounds, v.
472, p. 238-244 (2009).
13. Aguiar, B. M.; Braga, D. M.; Paula, J. B.; Brito, W. D.; Ferraz, W. B. “Methodology of
U-Zr-Nb Alloy Powder Passivation Obtained by Hydride-Dehydride Process”. In:
International Nuclear Atlantic Conference – INAC, Santos, 2007. DVD-ROM (2007).
14. Dwight, A. E.;Mueller, M. H. Constitution of the Uranium-Rich U-Nb and U-Nb-Zr
system. In: ANL 5581. (1957).

