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ABSTRACT 

 
Investigation has been made of the effects of high-temperature aging (600 oC) on the phase transformations 
in the U2.5Zr7.5Nb and U3Zr9Nb alloys. These alloys have been produced with vacuum induction melting 
(VIM) furnace in cast ingots. The ingots were homogenized at 1000 ºC for 24 hours in vacuum of < 10-4 
torr, and cooled to room temperature at a rate of 3 ºC/min. Specimens from these homogeneous materials, 
cut in 3 mm high and 10 mm diameter, were reheated to γ phase at 850 oC, for 1 hour,  and aging at 600 ºC 
at different times  from 0.5 to 24 hours. The phases decomposition were characterized by X-ray diffraction 
(XRD), metallographic, micro-probe analyze by energy dispersive spectrometry (EDS) and microhardness 
methods. It was verified that the decomposition of the γ phase proceeds in two steps. The first is a 
discontinuous precipitation of a lamellar two-phase aggregate composed of alpha solid solution and a 
metastable gamma phase. The metastable gamma phase has a constant composition at given temperature. 
After longer annealing, it decomposes eutectoidally into the equilibrium (α + γ2) phases mixture. During 
this process a modification of the original lamellar microstructure takes place. The obtained metastable 
phases of these alloys of different compositions were analyzed in relation to their constitution, heat 
treatability and micrographic features and the results confronted with available distinct uranium alloys data 
from literature. 
 
 

1. INTRODUCTION 
 
Uranium and its alloys are employed in various applications due to their high density and 
nuclear properties. So called gamma (γ) stabilized uranium alloys should have physical 
properties which, because of the isotropy resulting from cubic symmetry, would make 
them attractive candidates for nuclear applications. However, it is known that many of 
these alloys, either on quenching from the γ equilibrium field or on subsequent low-
temperature aging, undergo transitions from the γ structures characteristics of the high 
temperature to a variety of metastable phases [1-3]. 
 
Evaluation of some metastable phases, mainly gamma phase, have revealed that such 
materials may have improved corrosion resistance and posses more nearly isotropic 
properties, thus improving dimensional stability after radiation exposure and thermal 
cycling. In addition, low temperature aging of these metastable phases can produce a 
wide range of yield strengths and elongations [1,4-5]. These favorable characteristics 
make certain stabilized phases uranium alloys attractive from technological viewpoint. 
 
Previous studies of uranium-zirconium-niobium alloys have shown that numerous 
transitional (or metastable) phases of varying crystal structures are produced on 
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quenching. Efforts to control the mechanical properties and to maintain dimensional 
stability in the ternary uranium alloys will require the identification and characterization 
of these metastable phases as well as knowledge of their low temperature phase 
transformation kinetics. 
 
Phase transformations in uranium and its alloys are as yet not very well understood [1-
2,4-7]. Therefore, the purpose of this work was to initiate the investigation of the nature 
and characteristics of the phase transformations in the U2.5Zr7.5Nb and U3Zr9Nb alloys. 
It was considered the effects of aging on the decomposition of the γ phase and the 
metastable structural states associated with it. The main investigative tools for this 
research were X-ray diffraction and MEV associated with EDS. 
 
 

2. EXPERIMENTAL 
 
Vacuum melted uranium ingots were used for the alloys preparation. U-2,5Zr-7,5Nb and 
U-3Zr-9Nb (all compositions are reported in weight percent) were induction melted into 
a graphite crucible and subsequently cast into a copper cylindrical mould of 2,5 cm 
diameter and 15 cm length dimensions. Then the obtained ingots were heat treated at 
1000ºC for 24 h, followed by a cooling to room temperature at a rate of 3ºC/min to 
produce homogeneous ingots. The ingots were cut into samples of 2,5 cm diameter and 
0,3 cm height. One sample of each ingot was heated at 1000ºC/1h and water quenched. 
Others samples of these ingots were heated at 1000ºC/1h and aged at 600ºC for different 
times, followed by water quench to form zirconium and niobium supersaturated 
martensitic phases.  
 
For all the metallographic examinations samples were resin mounted into 3,5 cm 
diameter mould. They were mechanically ground and polished down to 3 µm diamond. 
For revealing grains this mounts were then eletroetched in a solution of oxalic acid 10% 
aqueous with a constant potential of 4V during 1 min. 
 
Scanning electron microscopy was performed on a JEOL instrument model JSM-5310 
equipped with the energy dispersive X-ray spectroscopy system (EDS). 
 
CuKα radiation was used for XRD analysis in a automatic Rigaku difractometer, model 
D\Max-RAPID. Analysis was carried out by scanning from 4o to 80o in 2θ at room 
temperature. The main purpose of the X-ray diffraction work was to determine the lattice 
parameters and to identify qualitatively the transformed phases of the quenched and the 
aged and quenched alloys.  
 
The Vickers microhardness were conducted using a microhardness tester LEITZ with a 
500-gram load and 15 s dwell time on the quenched and aged and quenched alloys. 
Vickers microhardness values (HV) were obtained from the as polished surface of each 
sample using twelve readings that were randomly taken on each sample, and the values 
reported are the average of these readings. 
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3. RESULTS AND DISCUSSION 
 

From the literature [4-5,8-9], it can be expected that the gamma solid solution is retained 
at room temperature by direct quenching in water. The isothermal decomposition of the 
gamma phase in the temperature range of 500ºC to 600ºC begins by nucleation of the 
perlitic structure constituted of two phases at the grain boundaries and inclusions [3,9-
12]. The perlitic structure grows gradually over the whole sample in the form of a 
lamellar aggregate. In this work the sample of U2,5Zr7,5Nb alloys show in the Fig. 1 a 
typical lamellar structure with thickness of about 200 nm.  
 
A lamellar structure obtained in the experiments developed at this work can be shown in 
the Fig.1. It can be observed in this micrograph that the lamellas have a typical thickness 
of about 200 nm.  
 
 

 
 

Figure 1. MEV microcrograph of U2.5Zr7.5Nb alloy cooled rapidly from 
γ phase at 1000oC, aging at 600oC for 3h and then water quenched. 

 
 
 
The Figs. 2 to 4 show MEV micrographs of samples heated at 1000ºC/1h, followed by 
rapid cooling from γ phase and then heat treated isothermically at 600oC in different 
aging times and then water quenched. In the Fig. 2 are showed microstructures of 
U2.5Zr7.5Nb and U3Zr9Nb alloys aged isothermically at 600ºC for 0.5 h, preceded by 
rapid cooling at 1000ºC from the γ phase. It can be noted that both alloys were not 
transformed. In the Fig. 3 are also showed microstructures of these alloys treated 
similarly, but aged for 3 h. In this case, the U2.5Zr7.5Nb alloy transformed partially to 
perlitic structure, but the U3Zr9Nb alloy maintained without transformation. At similar 
isothermal treatment but aged for 24 h the structure of the U2.5Zr7.5Nb alloy was 
completely transformed in perlitic structure, as shown in Fig. 4, while the U3Zr9Nb alloy 
was only partially transformed. The volume fraction of the lamellar structure, as observed 
in these figures, changes gradually with aging time from 3 to 24 h, but the growing 
lamellar is more intense in the U2.5Zr-7.5Nb alloy than in the U-3Zr-9Nb one. 
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Then, it can be observed from these figures that the uranium alloy with less zirconium 
and niobium (U2.5Zr7.5Nb) was earlier transformed in perlitic structure in comparison 
with the U3Zr9Nb alloy. As can be observed, alloys with higher quantity of zirconium 
and niobium have a more potent effect in stabilizing the gamma structure.  
 
 
 

 
a) U2.5Zr7.5Nb 

 
b) U3Zr9Nb 

 
Figure 2. MEV microcrographs of (a) U2.5Zr7.5Nb and (b) U3Zr9Nb 
alloys cooled rapidly from γ phase at 1000oC, aged at 600oC for 0,5h and 
then water quenched – 3500X and 1000X, respectively. 

 
 

 

 
a)  U2.5Zr7.5Nb 

 
b)  U3Zr9Nb 

 
Figure 3. MEV micrographs of (a) U2.5Zr7,5Nb (partially transformed) 
and (b) U3Zr9Nb (no transformed) alloys cooled rapidly from γ phase at 
1000ºC, aged at 600ºC for 3 h and then water quenched – 3.500X and 
1.500X, respectively. 
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a) U2.5Zr7.5Nb 

 
b)  U3Zr9Nb 

 
Figure 4. MEV micrographs of U2.5Zr7.5Nb (totally transformed) and 
U3Zr9Nb (partially transformed) alloys cooled rapidly from γ phase at 
1000ºC, aged at 600ºC for 24 h and then water quenched – 3.500X and 
2000X, respectively. 

 
 
 

The Fig. 5 show XRD patterns from samples of U2.5Zr7.5Nb and U3Zr9Nb alloys 
tempered in water from 1000oC, and the figures 6, 7 and 8 show XRD patterns from 
samples of the same alloys, however cooled rapidly from γ phase at 1000oC and then 
aged at 600oC at 0.5 h, 3h and 24 h, respectively. 
 
 

 
Figure 5. XRD pattern of the U2.5Zr7.5Nb and U3Zr9Nb alloys for water 
quenched from 1000oC/1h. 
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Figure 6. XRD pattern of U2.5Zr7.5Nb and U3Zr9Nb alloys cooled 
rapidly from γ phase at 1000oC, aged at 600oC for 0,5h and then water 
quenched. 
 
 
 

Figure 7. XRD pattern of U2.5Zr7.5Nb and U3Zr9Nb alloys cooled 
rapidly from γ phase at 1000oC, aged at 600oC for 3h and then water 
quenched. 
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Figure 8. XRD pattern U2.5Zr7.5Nb and U3Zr9Nb alloys cooled rapidly 
from γ phase at 1000oC, aged at 600oC for 24h and then water quenched. 

 
 
 

In the Fig. 5 both alloys quenched in water from 1000ºC/1h show one predominant 
broading peak that indicates the transformation into gamma strains (γs), or the tegragonal 
(γo) phases or even the coexistence of both phases.  
 
In the Fig. 6 these studied alloys obtained after rapid cooling from γ phase from 1000ºC 
to 600ºC, followed by aging  isothermically at 600ºC for 0.5h presented the similar 
structure of the water quenched alloy shown in Fig. 5, revealing no more advance in the 
phase decomposition. 
 
Beyond that, in the U2.5Zr7.5Nb alloy treat in similar way, but aged for 3h, as shown in 
the Fig. 6-a, it can be observed that besides of the presence of peaks correspondent of the 
(γs) or (γo) phases, or both of them, there are also in the XRD three intense peaks and 
many others weaker peaks which correspond predominantly to the alpha (α) 
orthorhombic phase. But the U3Zr9Nb alloy (Fig. 6-b) shows no phase decomposition. 
This also indicates that the alloy with more alloying elements stabilizes more efficiently 
the previous quenching structure. 
 
Furthermore, in Fig. 7 the X-ray patterns of the isothermal treatment realized at 600ºC 
during 24 h have shown that both alloy structures were transformed but in different 
manner. The first alloy U2.5Zr7.5Nb was almost completely transformed to α phase 
while the second one (U3Zr9Nb) transformed only partially to α phase. This was 
concluded from the most intense peaks of the diffractograms of the U2.5Zr7.5Nb alloy as 
compared with the peaks of the U3Zr9Nb one. 
 
Finally, the apparent lattice parameters calculated of the phases are: 1) cubic phase is a = 
6.921 Å; 2) tetragonal phase are: a = 4.936 Å and c = 3.4195 Å, with c/a = 0.693. These 
results are according to literature. 
 
The Vickers hardness values of both alloys investigated are provided in Fig. 9. As can be 
observed the Vickers hardness values for both alloys until aging time of 3h is almost 
constant, but lower hardness was noted in the U2.5Zr7.5Nb alloy. For aging time of 24 h 
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and 29 h it can be noted that the Vickers values are practically the same for both alloys, 
but they have higher values in comparison with the Vickers values of the samples aged 
until 3h. By comparison the Vickers values with the XRD results it can be verified a 
good correlation among the hardness and the phases. Independently of the aging, the 
alloys treated isothermically until 3 h is constituted in its majority by the gamma phase 
and have the lower Vickers hardness. By the other hand, these alloys treated 
isothermically in the interval time 24 to 29h that were transformed predominantly in 
alpha orthorhombic phase and have the highest hardness. This indicates that the alpha 
phase is harder than the gamma one. 
 
 
 

Figure 9. Microhardness versus aging time for U2.5Zr7.5Nb and 
U3Zr9Nb alloys. 

 
 
 

4. CONCLUSIONS 
 
The present investigation provides microstructures, measurements of apparent lattice 
parameter from the XRD analysis and microhardness data of the U2.5Zr7.5Nb and 
U3Zr9Nb alloys as a function of aging isothermal treatments at 600oC within 0.5 to 24 h 
time interval. Besides these micrographs and data presented here, the following 
inferences can be drawn with the help of combined interpretation of metallography, XRD 
analysis and microhardness: 
 
- The work showed the influence of heat treatments of the alloys on transformation of the 
gamma phase. As indicated by the MEV and XRD analysis the alloy with lower content 
of zirconium and niobium (U2.5Zr7.5Nb) transforms most promptly the gamma phase 
into perlitic structure as time of isothermal treatment at 600oC increases in comparison 
with the higher alloy (U3Zr9Nb).  
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- As can be deduced from Vickers hardness when compared with MEV and XRD results 
the alpha phase are harder than the gamma one. 
 
- The results calculated of the apparent lattice parameters of the phases are according to 
literature for the experimented conditions of the studied alloys. 
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