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ABSTRACT 
ANALYSIS OF DENSITY, PHASE, AND MICROSTRUCTURE IN U–Mo ALLOYS. The 
performance of research reactors heavily depends on the intensity of the neutron flux produced, 
which is a key factor in reactor efficiency and effectiveness. To enhance the performance of 
research reactors, high-density fuel is required to increase neutron flux in the reactor core, enabling 
optimal irradiation processes. One of the most promising fuel candidates is uranium-molybdenum 
(U-Mo) alloy. This study aims to investigate the properties of U-Mo alloys through a series of 
characterizations, including density measurements, phase analysis using X-ray Diffraction (XRD), 
and microstructural observations using a Scanning Electron Microscope (SEM). The density 
measurements revealed values close to theoretical calculations, with densities of 17.423 g/cm³ for 
U-7Mo, 17.292 g/cm³ for U-8Mo, and 17.229 g/cm³ for U-9Mo. XRD analysis identified the presence 
of the γ-U phase with a body-centered cubic (bcc) crystal structure, characterized by diffraction 
peaks at 2θ angles of 37°, 53°, 66°, and 78°. SEM observations showed a pattern of bright and 
dark areas, which were further analyzed using Energy Dispersive Spectroscopy (EDS). EDS 
analysis indicated that the bright areas had a higher concentration of Mo and a lower oxide content 
compared to the dark areas. These findings suggest that the addition of Mo not only improves the 
structural homogeneity but also enhances the oxidation resistance of U-Mo alloys. 
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INTRODUCTION 
Research reactors are facilities widely 

used in various fields of research, ranging 
from nuclear physics to irradiation testing for 
nuclear materials and new fuels [1]. 
Additionally, research reactors are used for 
radioisotope production, both for medical and 
industrial applications [2]. The performance of 
a research reactor is highly influenced by the 
intensity of the neutron flux it generates. To 
achieve a high neutron flux, an increase in the 
density of fuel containing fissile material, such 
as Uranium-235, is typically required. Pure 
uranium, with density of 19 g/cm³, is 
theoretically an attractive option due to its high 
atomic density, which allows for an increased 
number of uranium atoms within a given 
volume, potentially enhancing neutron 
production. However, the use of pure uranium 
as nuclear reactor fuel presents several 
challenges. Uranium is highly reactive with 
oxygen and is even pyrophoric, easily ignited 
upon exposure to air, making its handling quite 
difficult [3]. Moreover, at high temperatures, 
uranium undergoes swelling, which can lead 
to dimensional changes in the fuel [4], posing 
risks to the structural integrity of the fuel and 
affecting coolant flow rates within the reactor 
core. 

Several types of uranium alloys have 
been developed to address these 
shortcomings. One particularly promising alloy 
is uranium-molybdenum (U-Mo) [5]. 
Molybdenum (Mo), as an alloying element, 
possesses excellent thermal and mechanical 
properties, including high thermal conductivity 
that aids in heat dissipation from the fuel, high 
melting point, large elastic modulus, and low 
thermal expansion [6]. Additionally, the 
addition of Mo can minimize oxidation [7]. The 
combination of these superior properties 
makes U-Mo alloy a potential fuel for  
next-generation research reactors. Using  
U-Mo-based alloys, the fuel density can be 
increased to approximately 8 gU/cm3 [8]. This 
increase in density extends the fuel's 
residence time in the reactor core, reducing 
the frequency of fuel replacement and 
indirectly improving the reactor's operational 
economics [9]. High-density fuel also enables 
higher burnup, ultimately reducing the volume 
of radioactive waste produced [10]. 

Based on previous research [11], γ-U 
phase is the most stable uranium phase under 
irradiationi. The addition of Mo enhances the 

stability of the γ-U phase and improves the 
overall properties of the alloy [11]. 

The phase diagram of the U-Mo alloy 
shown in Figure 1 indicates that the addition of 
Mo up to 40 at.% (approximately 16 wt.%) can 
expand the stability range of the γ-U phase. 
The Mo content in U-Mo fuel candidates 
typically ranges between 6-10 wt.% [13]. 
However, excessive Mo addition can reduce 
the density of the U-Mo alloy. 

This study aims to examine the 
relationship between density, phase, and 
microstructure in U-Mo alloys. By varying the 
Mo content to 7, 8, and 9 at.%, the research 
seeks to determine the optimal composition 
that provides the best physical and 
mechanical properties, making it suitable for 
application as nuclear fuel in research 
reactors. Specifically, this alloy is expected to 
serve as an alternative fuel for the G.A. 
Siwabessy Multipurpose Reactor (RSG-GAS) 
in the future. The characterization in this study 
will include microstructural analysis, density 
measurements, and phase identification. 

 

Figure 1. Equilibrium binary phase diagram of 
U-Mo system [12]. 

METHODOLOGY. 

The fabrication of U-Mo alloys began 
with the weighing process. Uranium (U) and 
molybdenum (Mo) metals were first weighed 
according to the desired composition ratio. 
The target mass of the ingot was 20 grams. 
The detailed mass composition is shown in 
Table 1. 

To remove oxides and impurities from 
the surface, the U metal underwent pickling 
using nitric acid (HNO₃) and then dried. 
Afterward, U and Mo metals were placed into 
an arc melting furnace for the melting process. 
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The furnace chamber was first filled with an 
inert gas to prevent oxidation during melting. 
The electric current was set to 150 A to ensure 
a sufficiently high temperature for complete 
melting. This melting process was repeated 
five times to achieve a homogeneous alloy. 
After the melting process was completed, the 
formed U-Mo alloy ingot was slowly cooled 
and then cut into small specimens. These 
specimens were subsequently used for 
various tests to evaluate the material 
properties of the U-Mo alloy. 

The tests conducted included density 
measurement using an automatic gas 
pycnometer, phase identification using an  
X-ray diffractometer (XRD), and 
microstructure analysis using a scanning 
electron microscope (SEM). 

Table 1. The calculated mass composition 
data of elements in the fabrication of 
U-Mo alloys. 

Alloy 
Mass (gram) 

U Mo Total 

U-7Mo (7 at.% Mo) 18.60 1.40 20.00 
U-8Mo (8 at.% Mo) 18.40 1.60 20.00 
U-9Mo (9 at.% Mo) 18.20 1.80 20.00 

RESULTS AND DISCUSSION 

The weighing results of U and Mo 
metals are listed in Table 2, which shows a 
difference between the theoretical calculations 
and the actual weighing results. Although 
there is a discrepancy, it is relatively small and 
not significant. Based on the obtained 
composition, the theoretical density of the 
metal mixture can be calculated. This 
theoretical density value is then compared 
with the density measured using an automatic 
gas pycnometer. The comparison between the 
theoretical calculations and the measured 
density can be seen in Table 3. 

The α-U and γ-U phases have 
different crystal structures, which result in 
density differences between them. The 

density of the γ-U phase is lower than that of 
the α-U phase, with a value of approximately 
17.94 g/cm³. In Table 3, the theoretical density 
calculation is based on the assumption that 
uranium formed after the melting process is 
entirely in the γ-U phase. Although there is a 
difference between the calculated and 
measured density values, the discrepancy is 
less than 1%, which is still considered 
acceptable. This difference is primarily due to 
the difficulty of obtaining material samples with 
perfectly accurate weights during the weighing 
process. The insignificant discrepancy 
between the theoretical and measured density 
results suggests that the assumption of 
uranium being in the γ-U phase after melting 
is valid. This assumption will be further 
confirmed through phase identification using 
XRD to ensure that the uranium in the alloy is 
indeed in the γ-U phase. 

The XRD pattern for U-Mo ingots is 
shown in Figure 2, where four diffraction peaks 
are detected at 2θ angles of 37°, 53°, 66°, and 
78°. Based on analysis using Highscore 
software, the identified phase in this alloy is 
the γ-U phase, which has a body-centered 
cubic (BCC) crystal structure and belongs to 
space group number 229. The detected 
diffraction peaks correspond to 
crystallographic planes within the BCC 
structure. The diffraction peak intensities for 
the (0 0 2), (1 1 2), and (0 2 2) planes are 
relatively low, whereas only the (0 1 1) plane 
exhibits a significantly high peak intensity. 
This was because the samples tested in the 
XRD instrument were in a solid form. Solid 
samples tend to have preferred orientations 
within their crystal structure, which in this case 
results in a dominant orientation along the (0 
1 1) plane. This preferential orientation causes 
the peak intensity of the (0 1 1) plane to 
appear more pronounced compared to other 
planes. 

 
Table 2. Mass composition data of metal elements from weighing in U-Mo alloy fabrication. 

Alloy 

U Mo Ingot 

mass  
(gram) 

content. 
(wt.%) 

mass  
(gram) 

content 
(wt.%) 

mass  
(gram) 

U-7Mo a 18.5043 92.97 1.3992 7.03 19.8867 
U-7Mo b 18.5631 93.02 1.3921 6.98 19.9256 
U-8Mo a 18.3098 92.00 1.5911 8.00 19.9057 
U-8Mo b 18.3005 92.00 1.5907 8.00 19.8551 
U-9Mo a 17.3205 90.97 1.7196 9.03 19.0234 
U-9Mo b 18.9795 91.01 1.8752 8.99 20.8568 
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Table 3. Calculation and Measurement Results of U-Mo Alloy Density. 

Alloy 
Element composition Theoretical density 

(g/cm3) 
Measured density 

(g/cm3) U Mo 

U-7Mo 93% 7% 17.3653 17.4228 
U-8Mo 92% 8% 17.2832 17.2917 
U-9Mo 91% 9% 17.2011 17.2291 

 
The U-Mo alloy consists of U and Mo 

elements. However, in Figure 2, no diffraction 
peaks other than those belonging to the γ-U 
phase were observed. This indicates that Mo 
does not exist as a separate phase but has 

completely merged with U, forming a 
homogeneous U-Mo alloy. In other words, Mo 
is dissolved within the U crystal structure, 
resulting in only the γ-U phase being detected 
in the diffraction pattern.

 

 

Figure 2. XRD pattern of U-Mo alloy 

 
A more detailed observation of the 

XRD pattern, as shown in Figure 3, reveals a 
shift in the 2θ angle to the right as the Mo 
content in the U-Mo alloy increases. This shift 
indicates a change in the crystal lattice 
parameters. According to Bragg’s Law (nλ = 
2d sinθ) [15], shift to the right suggests that 
the interplanar spacing, or lattice parameter, 
has contracted. With a smaller crystal size, 
more crystallographic planes become 
detectable, which is marked by an increase in 
the intensity of the (0 1 1) plane as the Mo 
content increases. This phenomenon 
indicates that the addition of Mo not only alters 
the lattice structure but also facilitates the 
formation of the γ-U phase. Thus, Mo plays a 

crucial role in stabilizing the γ-U phase in the 
U-Mo alloy, enhancing the tendency of the 
alloy structure to remain in this phase. 

The microstructural observations 
using SEM, as shown in Figure 4, reveal that 
grain boundaries are not clearly visible, 
making grain size measurement impossible. 
However, in general, two distinct color 
patterns can be observed in the 
microstructure: bright and dark regions. 
Elemental composition analysis with energy 
dispersive spectroscopy (EDS) was 
performed to identify the elemental distribution 
within the bright and dark areas, providing a 
more detailed characterization of the 
microstructure.
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Figure 3. XRD pattern of U-Mo alloy on (0 1 1), (0 0 2), and (1 1 2) plane. 

 

Figure 4. Microstructure observation of U-7Mo (a), U-8Mo (b), and U-9Mo ingot (c) using SEM. 
 

The results of elemental composition 
measurements using SEM-EDS are shown in 
Figure 5. The scanning method used was 
point scanning. The red dots in the upper right 
images of Figures 5a and 5b indicate the 
positions where the scans were performed. A 
significant difference in elemental composition 
between the bright and dark regions is evident. 
In the bright regions (Figure 5a), the Mo 
content is higher compared to the dark regions 
(Figure 5b). This indicates that the distribution 
of Mo in the U-Mo alloy is not yet fully uniform, 
as darker areas still contain lower Mo 
concentrations. A similar bright-dark pattern 
has also been observed in the fabrication of 
monolithic U-Mo fuel [16]. The uneven Mo 
distribution suggests that the homogenization 
process was not entirely optimal, highlighting 
the need for further processing to achieve a 

more uniform element distribution within the 
alloy. 

SEM-EDS analysis also revealed the 
presence of oxygen (O). The dark regions 
exhibited significantly higher oxide content 
compared to the bright regions. These oxides 
formed due to the interaction of the sample 
with the etching solution during the 
preparation process. In the bright regions, 
where the Mo content was higher, oxygen was 
detected in lower amounts. Conversely, in the 
dark regions, where the Mo content was lower, 
oxygen was more dominant. This 
phenomenon suggests that Mo addition not 
only acts as a stabilizer for the γ-U phase but 
also reduces oxidation reactivity in the alloy. 
With higher Mo content, the alloy exhibits a 
more stable microstructure and is less prone 
to oxidation. 
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Figure 5. Elemental composition analysis of the bright (a), and dark region (b) using EDS.

CONCLUSIONS 

Density testing on U-7Mo, U-8Mo, and 
U-9Mo showed values consistent with 
theoretical densities, indicating minimal 
oxidation and porosity during the melting 
process. XRD results confirmed that the 
formed phase was γ-U without the presence of 
other phases. SEM-EDS analysis revealed 
bright and dark patterns in the alloy's 
microstructure, where the bright regions were 
Mo-rich but contained less oxide. 
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