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Synthesis and Structural Characterization of U-Zr-Nb Alloys
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U-xZr-yNb alloys with values of x varying from 32% to 50% (wt.%Zr) and y varying from 6% to 
10% (wt.%Nb) were produced by the arc melting technique. The effect of the addiction of zirconium 
and niobium on the phase stabilization of γ-U, lattice parameter, microstructure and elemental 
composition were examined by X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
energy dispersive spectroscope (EDS) techniques. The alloys crystallized in a cubic symmetry composed 
by a γ-U(Zr,Nb) matrix and β-Zr small precipitates, when the content of zirconium and niobium is up 
to 55 wt.%. With further additions, e.g. 60 wt.%, was observed a highly enriched macrosegregation of 
β-Zr. It was also observed that the cell size of the γ-U(Zr,Nb) phase increase with the addition of Zr 
and Nb. The lattice parameter curve behavior as a function of zirconium and niobium deviates from 
a linear behavior at around x ≈ 50 and y ≈ 10 wt.%.
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1. Introduction
The γ-U(M) alloys - with M = Al, Ti, Zr, Nb and Mo - are 

potential metallic fuels candidates for fast reactors, due to 
their superior properties compared to unalloyed uranium and 
other alloys1, once they are more resistant to corrosion and 
thermal cycling. Elements such as Mo, Nb, Ti, and Zr are 
often used as substituting materials for stabilize the γ-U phase 
at low temperatures. The γ phase of pure uranium cannot be 
retained in a metastable condition at low temperatures i.e., at 
temperatures at which α is the equilibrium phase. Moreover, 
these elements have low thermal-neutron cross section and 
high solubility in the γ-U phase. The Zr is preferable because 
it is a stronger γ-stabilizer, as well as Mo. In the other hand, 
the addition of Nb to the γ-U can significantly increases the 
corrosion resistance in the γ-quenched condition. Hence, it 
is a logical step to add Nb and Zr together into γ-U to form 
ternary γ-U-Zr-Nb alloys1-3.

The γ-U(M) alloys has been produced by powder 
metallurgy, induction, and arc melting routes3-5. There are 
some reports in literature on U-Zr-Nb ternary alloys, performed 
near the U rich corner2,3,6,7, but not many around the Zr rich 
corner8,9. In this sense, the aim of this study is to investigate 
the formability of U-Zr-Nb zirconium-rich alloys with cubic 
structure, varying the uranium and niobium concentration 
produced by arc melt technique. Besides that, we tried to 
extend the limited information regarding the microstructural 
characteristics of U-Zr-Nb alloys monolithic nuclear fuels 
with higher zirconium concentration.

For these investigations, an elemental examination was 
performed by dispersive energy spectroscopy (EDS), while 
the structure and microstructure analyzes were conducted by 
X-ray diffraction (XRD) and scanning electron microscopy 
(SEM) technique. The results here reported are imperative 
for metallic fuel design.

2. Experimental Details

Uranium alloys with the compositions U-32Zr-6Nb, 
U-42Zr-8Nb, U-46Zr-9Nb and U-50Zr-10Nb, in weight 
percent wt.%, were prepared by arc-melting technique in a 
plasma furnace. We used a non-consumable tungsten electrode 
with a copper crucible under argon atmosphere. To maximize 
homogenizations the samples were re-melted at least three 
times. After fusion, the alloys were suitably sectioned and 
mechanically polished, firstly with sandpapers and further 
with diamond paste. After this metallographic preparation, 
the samples were immediately analyzed by XRD and SEM/
EDS techniques.

The X-ray diffractometry was conducted in the Bragg-
Brentano geometry, using the CuKα radiation (Shimatzu 
XRD-6000, CuKα, 40 kV) at 2θ range from 20º to 120º and 
a scan rate of 0.02º/min. All XRD patterns were refined by 
the Rietveld analysis method, applying the GSAS software10. 
To determine what phases are present, the ICSD database 
crystallography11 was used and the codes 44392 for γ-U and 
52544 for β-Zr were considered to fit the whole pattern. For 
microstructure analyses, scanning electron microscope (SEM) 
along with quantitative compositional microanalysis made 
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by means of energy dispersive spectroscopy (EDS) were 
used (Philips XL30 SEM combined with a EDAX PV9800).

3. Results and Discussion

3.1 X-ray diffraction

Figure 1 shows the XRD patterns of the as-cast alloys. 
Comparing them with the reference patterns (pointed out 
in the methodology section) we see that all the profiles 
correspond to a γ-U-like structure2. It is also observed that 
the peak positions are shifted towards lower 2θ values with 
increasing concentration of the alloying elements, as shown 
for the (110) plane in the inset. Thus, one can suggest that for 
all samples substitutionals solid solutions were formed with 
Zr and Nb atoms replacing U in the γ structure, as also was 
identified by Ewh et al.2 in the ternary U-10Nb-4Zr alloy. A 
close inspection of the backgrounds in the diffractograms shows 
that there is no significant evidence of γ-phase decomposition, 
either of a α-phase or δ-phase. Due to the peak overlapping 
of the γ-U(Zr,Nb) phase with the β-Zr phase, because they 
have the same spatial group (Im-3m), the presence of β-Zr 
phase was only confirmed after SEM and EDS analyzes, as 
will be seen later in the micrographs. Therefore, the XRD 
patterns were refined considering both, γ-U(Zr,Nb) and 
β-Zr, as present phases. Aiming to illustrate the quality of 
the refinements, figure 2 shows the total calculated pattern 
(red line), superimposed to the experimental profile (black 
open circle), and the patterns calculated for γ-U(Zr,Nb) (green 
line) and β-Zr (blue line) phases present in the U-32Zr-6Nb 
alloy. An excellent agreement between total calculated and 
experimental pattern can be observed.

Table I summarizes some relevant refined parameters, as 
obtained by Rietveld analysis. The lattice parameters calculated 
for the γ-U(Zr,Nb) phase were plotted as function of Zr and 
Nb concentrations as shown in figure 3. It is observed an 
increasing in the lattice parameters of the γ-U(Zr,Nb) phase 
with the increasing concentration of zirconium and niobium. 
This is corroborated by the observed shift toward lowers 2θ 
angles, as already revealed by the inset in figure 1. These 
results show that the increasing of the alloying elements 
concentration is responsible for the increasing in the lattices 

Figure 2. Refined diffraction pattern for the U-32Zr-6Nb alloy.

Figure 1. X-ray diffraction patterns for the U-Zr-Nb alloys.

Table 1. Summary of some relevant refined parameters, as obtained by Rietveld analysis.

 Alloy

Parâmetro U-32Zr-6Nb U-42Zr-8Nb U-46Zr-9Nb U-50Zr-10Nb

Rwp(%) 11.89 13.59 12.37 11.17

γ-U     

a (Å) 3.5297 3.5400 3.5455 3.5365

Amount (wt.%) 58.247 40.997 51.513 35.464

β-Zr     

a (Å) 3.5292 3.5300 3.5475 3.5420

Amount (wt.%) 41.753 59.003 48.487 64.536

parameters. Which is explained based on the fact that the 
atomic radius of the alloying elements dissolved in the 
γ-U phase are greater than the atomic radius of the U, i.e., 
the atomic radius for Zr, Nb and U are 1.60 Å, 1.43 Å and 
1.39 Å, respectively12. Moreover, this result shows that the 
increasing of the lattice parameter with Zr and Nb content 
up to 55 wt.%, obeys the Vegard’s law, which states that the 
lattice parameters of a solid solution must change linearly 
with solute content13-15. For further additions, e.g. 60 wt.%, 
a slightly deviation from linear dependence of the lattice 
parameters was observed, suggesting that solubility limit 
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of Zr and Nb in the γ-U has been reached. It is interesting 
to note, that an increasing of the lattice parameter for the 
γ-U phase as a function of increasing Zr concentration was 
also observed by Bozzolo et al.15 in their theoretical studies 
in  U-Zr solid solutions with concentrations ranging from 5 
up to 70 wt.% Zr. As can seen in Table, the relative weight 
fraction of the β-Zr phase is greater for last sample, which 
is in qualitative agreement with the microstructure (as will 
be seen later).

3.2 Scanning electron microscopy and energy 
dispersive spectroscopy

Figures 4 to 7 show SEM images obtained for some 
representative samples. To measure homogeneity, the samples 
were scanned with the help of an EDS at different locations 
and a representative EDS spectrum is shown in the Figures 
(Figs. 4b, 4c to 7b, 7c). The micrographs of the U-32Zr-6Nb 
(Fig. 4a), U-42Zr-8Nb (Fig. 5a) and U-46Zr-9Nb (Fig. 6a) 
alloys are very similar and clearly reveal the presence of 
two phases, i.e., the matrix and small precipitates. There are 
regions of a darker contrast, as compared to the precipitates, 
and we believe that these regions are oxide inclusions. 
The absence of this oxide in the X-ray diffractograms can 
be explainable based on its low volumetric amount that is 
beyond the detection limit of the XRD technique. A SEM 
micrograph very similar to the ones obtained in present study, 
was reported for U-10Nb-4Zr alloy in Ref.1, in which the 
only phase identified by XRD was the γ-U phase.

In order to separate the β-Zr precipitates and improve 
your visualization from the surrounding γ-U(Zr,Nb) matrix at 
micrograph, the image captured by SEM of the U-46Zr-9Nb 
alloy (Fig. 6a) was analyzed qualitatively with the open-source 
image processing program ImageJ (Image Processing and 
Analysis in Java) software16. For this, brightness and contrast 
thresholds were adjusted. Once the precipitate exhibited a 
clear, visible contrast to the background, the image was 
altered using the binary function (Fig. 8). This technique 
illuminated the Zr-rich precipitates (dark), separating them 
from the surrounding γ-U(Zr,Nb) matrix (white).

Figure 3. Lattice parameter for the γ-U(Zr,Nb) phase versus the 
Zr and Nb concentration.

Figure 4. SEM micrograph of U-32Zr-6Nb alloy with EDS spectrum.

Figure 5. SEM micrograph of U-42Zr-8Nb alloy with EDS spectrum.

Figure 6. SEM micrograph of U-46Zr-9Nb alloy with EDS spectrum.
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On the other hand, in the SEM micrograph of the 
U-50Zr-10Nb alloy (Fig. 7a), was observed a light gray 
region and a large dark gray region with the size in the order 
of millimeters. According to the EDS result, the former 
contains all alloying elements (Fig. 7b) and the later is highly 
enriched in zirconium (Fig. 7c). This macro segregation can 
be caused by the phase separation of Zr, again crystallized 
with the β-Zr structure, during the solidification of the alloy 
from the liquid phase. From this result, we suggest that 
the solubility limit of Zr in γ-U is lower than 50 wt.%, as 
indicated by the XRD analysis, where a deviation from the 
linear dependence of the lattice parameter as function of the 
Zr and Nb content was observed.

4. Conclusions

Uranium alloys with concentrations ranging from 32 to 
46 wt.% Zr and from 6 to 9 wt.% Nb were prepared by arc-
melting technique in a plasma furnace. The XRD analysis 
and SEM micrographs showed the effectiveness of the Zr 
and Nb in the stabilizing of the γ-U(Zr,Nb) phase. The results 
also showed that the alloys are composed of a γ-U(Zr,Nb) 
matrix and of β-Zr small precipitates. However, with further 
additions of Zr and Nb it was observed a macrosegregations 
with sizes in the order of millimeters, highly enriched in β-Zr. 
Moreover, the results showed that the lattice parameters of 
γ-U(Zr,Nb) alloys are increasing linearly with  the Zr and 
Nb content up to 55 wt.%, following the Vegard’s law. With 
further additions, e.g. 60 wt.%, deviations from Vegard’s 
law were observed, showing that solubility limit of Zr and 
Nb in γ-U it was reached.
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