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ABSTRACT 

 
The U-Mo alloys are the most investigated and promising nuclear fuel material to be used in research and test 

reactors, according to the premises of the RERTR program, whose objective is to minimize the threats of 

nuclear weapons proliferation through the conversion of the nuclear fuels of research and test reactors from a 

high enrichment grade, HEU (235U > 90%), to a low enrichment grade, LEU (235U < 20%). The high density 

of the U-Mo alloys associated with its ability to keep the gamma phase metastable at room temperature are the 

main advantages of these alloys, with regard to the reactors conversion and the better behavior of that phase 

under irradiation. U-Mo ingots with Mo contents of 5, 7 and 10 wt% were induction melted and ageing heat 

treated at 300 and 500 
o
C for 72, 120 and 240 h. Microstructural characterization was carried out in the as-cast 

and aged conditions through XRD and OM techniques. The Laser Flash Method at environmental temperature 

was employed to investigate the variation of the thermal diffusivity as a function of the microstructure obtained 

in the as-cast and aged conditions. 

 

 

1. INTRODUCTION 

 

The research and development of new materials to be used as fuel elements in research and 

test nuclear reactors received a major push in the past 35 years through the Reduced 

Enrichment for Research and Test Reactors – RERTR, proposed by the Department of Energy 

of USA under the coordination of the Argonne National Laboratory - ANL. The program's 

goal is to minimize the risk of nuclear weapons proliferation by means of the reduction in the 

degree of isotopic enrichment in uranium-235, from 90 to 20%, without major changes in the 

design of the operating reactors [1]. 

 

These premises led to the need to increase the uranium density of the fuel in order to recover 

the loss of fissile material. The first stage of the program development proposed to increase 

the uranium density of the current fuels used, i.e., UAlx-Al, U3O8-Al and UZrHx dispersions, 

achieving densities around 3.7 g/cm
3
 [2]. Afterwards, irradiation tests were performed with 

intermetallic compounds of uranium. At this stage, the occurrence of intense breakaway 

swelling was observed in compounds with U6Me formula, as well as in some uranium 

silicides. A good behavior under irradiation was observed for U3Si2 dispersions in Al, which 

was qualified with the density of 4.8 g/cm
3
 [3]. 
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The need for increased power and neutron sources with high thermal fluxes continued driving 

the search for alternatives to a further increase in the uranium density of fuel materials. The 

use of metallic uranium is not feasible due to the occurrence of intense swelling related to the 

presence of the -phase with orthorhombic crystal structure [4], the uranium stable phase at 

room temperature. Thus, tests with uranium metal alloys with additions of transition elements 

which stabilize the crystal structure of body-centered cubic crystal lattice (-phase) at room 

temperature, such as Mo, Nb, Zr and Ti, were performed. The U-Mo alloys have been one of 

the most investigated in the development of dispersed or monolithic plate-type nuclear fuels 

[5-7] due to the retention capacity of the -phase, which rises as the Mo content is increased 

[8], and their high densities. 

 

The uranium-molybdenum system was initially investigated in 1945 by Ahmann, Snow and 

Wilson [9]. Fig. 1 presents an excerpt of the U-Mo phase diagram in the low molybdenum 

content portion [10]. The -phase with an orthorhombic crystal lattice is thermodynamically 

stable from room temperatures until 668 
o
C. It is characterized by a low molybdenum 

solubility (maximum 0.4 wt%, approximately). The -phase presents a much higher Mo 

solubility, limited to approximately 22.3 wt%, being characterized by a body centered crystal 

lattice and is stable in the high temperatures range. An ordered phase with tetragonal crystal 

lattice corresponding to the U2Mo intermetallic compound, usually named as ’-phase, is also 

present and is characterized by a Mo content ranging from 16.4 to 17.4 wt%. This phase 

presents a tetragonal crystal lattice with space group l4/mmm. For temperatures ranging from 

668 to 776 
o
C, the -phase, presenting a tetragonal crystal lattice with a P42/mmm space 

group, is stable for alloys with low Mo contents. A cellular decomposition or eutectoid 

transformation occurs for any -phase whose Mo content is close to 10 wt%. During this 

transformation, the -phase is decomposed in the -phase and the U2Mo intermetallic 

compound, with a lamellar or pearlite-like arrangement.  

 

 

 
 

Figure. 1. Uranium-molibdenum phase diagram, in the low Mo content portion [10]. 
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Several microstructural studies were performed in U-Mo alloys in non-equilibrium 

conditions. The occurrence of metastable -phases was reported for water quenched samples, 

as variants of the orthorhombic crystal lattice. A standard nomenclature of these metastable 

phases was proposed, in order to be systematically employed in studies involving these kinds 

of microstructures [11]. The orthorhombic 
’
a phase is characterized by an acicular 

morphology and the presence of deformation twins originated by transformation stresses. The 

orthorhombic 
’
b and monoclinic 

’’
b phases, presenting banded morphology, are 

characterized by parallel martensite plates with fine arrays of transformation twins [12]. 

Additionally, both 
’
a and 

’
b are characterized by a contraction in the b parameter of the 

orthorhombic unit cell. The morphological transformation from acicular to banded 

microstructures and the change in the crystal lattice from orthorhombic to monoclinic are a 

consequence of the Mo content increase [13]. The retention of the parent cubic -phase, after 

water quenching, was observed for Mo contents higher than 5 wt% [12]. Transformation 

kinetics studies of U-Mo alloys with 5 [14], 8 and 10 wt% of Mo [15] remarked the 

molybdenum effect on the -phase retention capacity. Isothermally transformed samples at 

500 
o
C started the -phase decomposition after 0.2, 0.9 and 7.5 hours, which occurred for 

cooling rates lower than 33, 8 and 1 
o
C/min, respectively. The complete transformation of -

phase according to the cellular decomposition occurred for 70 and 550 hours for the Mo 

additions of 8 and 10 wt% [15]. The highest -phase retention capacity presented by alloys 

with increased Mo contents was recently confirmed [8] by means of ageing heat treatments at 

temperatures just below the eutectoid decomposition temperature, emphasizing the use of U-

Mo alloys in the development of nuclear fuels according to RERTR program scope. 

 

Apart from fulfill the requirements of dimensional stability under irradiation and high 

density, the ability to transfer the heat generated by the uranium fission is among the most 

important. Among the techniques for determining the thermophysical properties of nuclear 

materials, the laser flash method [16] has been one of the most employed.  

 

In this context, CDTN (Center for the Development of Nuclear Technology) participates in 

the development of nuclear fuels based on high density uranium alloys as well as in the 

manufacturing processes of monolithic and dispersion fuel plates, motivated by the start-up 

of the Brazilian Multipurpose Reactor (RMB), which is foreseen to the upcoming 5 years. 

The present paper presents the influence of the microstructure of U-Mo alloys submitted to 

different heat treatments, in the thermal diffusivity, measured through the flash laser method.  

 

 

2. EXPERIMENTAL 

 

Ingots of U-Mo alloys, with Mo contents of 5, 7 and 10 wt%, named hereafter as U-5Mo, U-

7Mo and U-10Mo, were melted in an induction furnace and cast in a rectangular graphite 

mold. Samples measuring 8 mm diameter and about 2.5 mm thickness were machined from 

the ingots to be submitted to ageing heat treatments. The ageing heat treatments were carried 

out in an electrical resistance furnace, in a stainless steel chamber evacuated by a 

turbomolecular vacuum pump, reaching pressures of 3x10
-5

 Pa. Samples were heated to 300 
o
C and 500 

o
C and were kept on these temperatures during 72, 120 and 240 hours.  

 

The microstructural characterization of the U-Mo samples was carried out in as-cast and aged 

samples through XRD and light microscopy. Metallographic techniques of grinding and 
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polishing with 3 m diamond paste were employed. In order to remove the surface plastic 

deformation created in the mechanical preparation, the electrolytic polishing was performed 

using a solution of H3PO4 and ethylene glycol in ethanol, in a BUEHLER ELECTROMET


 4 

polishing cell. With the purpose of microstructure revealing, electrolytic etching was 

performed with the same reagent. Table 1 depicts surface preparation parameters used. The 

XRD patterns were obtained in a RIGAKU XRD equipment, model D\MAX ÚLTIMA+, 

with - goniometer geometry and 2- scan, provided with a Cu K radiation source and a 

curved monochromator. The scan rate was 0.5º 2/min between 2 angles of 20 to 90º. The 

tube voltage and current was operated at 40 kV and 30 mA. The light microscopy was 

performed at a LEITZ ORTHOLUX II microscope. 

 

The thermal diffusivity of the samples were measured by the laser flash method [13,14] using 

an laser flash apparatus developed by the staff of the LMPT-Laboratório de Medição de 

Propriedades Termofísicas de Combustíveis Nucleares e Materiais. In this method the front 

face of a small disk-shaped sample is subjected to a very short pulse of radiant energy. The 

source of radiant energy is a flash lamp or a laser. The resulting temperature rise on the rear 

face of the sample is registered and from the obtained thermogram, the sample thermal 

diffusivity is calculated by the following equation: 

 

1/2

2

2

π

37.1

t

L
                                                             (1) 

 

where: 

is the sample thermal diffusivity [m
2
s

-1
]. 

L is the sample thickness [m] 

t1/2 is the half time [s]. 

 

The LMPT apparatus has a CO2 laser with a maximal power output of 100 W and the 

temperature of the sample rear face is measured by an infrared thermometer. The furnace for 

sample heating has a platinum/30% Rhodium heater element allowing measurements up to 

1700 
o
C. The measurements of thermal diffusivities were performed at room temperature (ca. 

25 
o
C) with samples with 8 mm diameter and 2.5 mm thickness. 

 

 

Table 1. Parameters employed in the metallographic preparation of the U-Mo alloy 

samples in the as-cast and aged conditions. 

 

Step Type Abrasive media Characteristic 

Grinding Mechanical SiC sandpaper 220, 320, 600, 800, 1000 and 2000 grit 

Polishing Mechanical Diamond paste impregnated cloth 3 m 

 Electrolytic 1 part of  phosphoric acid 

1 part of  ethylene glycol 

1.6 parts of ethanol 

20 V / 60 s
(a)

, 45 V / 120 s
(b)

 

Etching Electrolytic 
2.0 V / 30 s

(a)
, 2.5 V / 45 s

(c)
, 4.5 V / 30-65 s

(d)
, 

4.5 V / 130 s
(b)

 
(a) U-10Mo, aged, 500 

o
C, 72 to 240 h. 

(b) Others. 
(c) U-5Mo, aged 500 

o
C, 240 h. 

(d) U-5Mo, aged, 500 
o
C, 72 and 120 h.  

U-7Mo, aged, 500 
o
C, 72 to 240 h 
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3. RESULTS AND DISCUSSION  

 

The Fig. 2 presents the XRD patterns for the U-Mo alloys in the as-cast and aged conditions. 

The major diffraction peaks which are related to the lower 2 angle range were shown in the 

figure.  

 

The main intensity -phase peak was observed for the U-5Mo, U-7Mo and U-10Mo alloys in 

the as-cast condition. However, for the U-5Mo alloy, it can be noticed a broadening tendency 

in comparison with the alloys with higher Mo contents on that condition. The ageing heat 

treatments carried out at 300 
o
C intensified the peak broadening effect for the U-5Mo alloy. 

The same phenomena was noticed in a remarkable way only for the U-7Mo alloy sample 

aged at 300 
o
C during 240 h, while no broadening effect could be observed for the U-10Mo 

alloy for the three ageing times investigated. 

 

The transformation of the -phase into the stable  and ’ (U2Mo) phases were observed in 

the diffraction patterns of the samples aged at 500 
o
C. No meaningful differences could be 

observed in the XRD pattern as a function of the ageing times. However, it is clearly noticed 

the -phase retention power when a content of 10 wt% of Mo was added to the uranium. The 

presence of remaining g-phase peaks was remarkable for the three ageing times investigated, 

while no g-phase peaks were observed in the U-5Mo and U-7Mo alloys. 

 

Moreover, it can be observed that the base of the broader peaks of the XRD patterns of the 

samples aged at 300 
o
C is coincident with the resolved  and ’ peaks raised with the ageing 

heat treatment performed at 500 
o
C. This can suggest a rearrangement of the crystal lattice 

before the phase transformation. 

 

 

 
 

Figure 2. XRD patterns for the U-Mo alloys in the as-cast and aged conditions. 
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The light microscope micrographs of the as-cast samples are presented in Fig. 3. The 

microstructure of the U-5Mo is composed by a -phase matrix with equiaxed grains with a 

banded morphology pattern in their boundaries. The banded morphology is associated to 

microstructures resulting from non-diffusive or shearing phase transformations and 

characterized by the presence of deformation twins which is typical of water quenched U-Mo 

alloys with low Mo contents. The banded morphology in the grain boundaries can be 

associated with the broader -phase peak observed for the U-5Mo in the as-cast condition 

(Fig. 2). The microstructures of the U-7Mo and U-10Mo are characterized by the presence of 

a -phase matrix with dendritic morphology, typical of as-cast materials. 

 

 

 
 

Figure 3. Microstructures of U-Mo alloys in the as-cast condition. (a) U-5Mo, (b) U-7Mo 

and (c) U-10Mo. Light microscopy, magnification: 200X. 

 

 

A completely banded morphology was found in the U-5Mo samples aged at 300 
o
C (Figs. 4a, 

4b and 4c). Such morphology resulted in a remarked effect of peak broadening. As there was 

no -phase peaks resolution, the precise definition about which crystalline structure is 

associated to those ageing conditions was not possible. This microstructure will be referred to 

hereinafter as banded. Remaining -phase dendrites surrounded by a banded morphology 

region were observed in the U-7Mo alloy. The volume fraction of the remaining dendrites 

decreased for longer ageing heat treatment times, resulting in an almost completely banded 

microstructure for the sample aged during 240 h (Figs. 4d, 4e and 4f). Despite the presence of 

the banded morphology in all U-7Mo samples aged at 300 
o
C, the peak broadening effect was 

marked only for the 240 h ageing time. No evidence of microstrutural transformation was 

found for the U-10Mo with the g-phase being kept as metastable (Figs. 4g, 4h and 4i). 

Increasing Mo contents were responsible for increasing the crystal lattice shear strength. 

 

The presence of the stable phases ( and ’) of the U-Mo system was found in the samples 

aged at 500 
o
C (Fig. 5). The microstructure of the U-5Mo alloy was composed by the -phase 

matrix, surrounded by a lamellar constituent, resulting from the cellular decomposition, 

whose volume fraction increased for longer ageing times (Figs. 5a, 5b and 5c). In the U-7Mo 

alloy, the ageing heat treatment at 500 
o
C during 72 h resulted in the presence of the lamellar 

constituent occupying the same portion of the remaining -phase dendrites noticed in the 300 
o
C aged samples. The presence of the -phase surrounding the lamellar constituent was also 



INAC 2013, Recife, PE, Brazil. 

 

observed (Fig. 5d). The position occupied by the surrounding a-phase is coincident with the 

banded morphology observed for the ageing at 300 
o
C, which suggests the occurrence of a 

rearrangement of the microstructure through the non-diffusive shearing mechanism, followed 

by a nucleation-and-growth transformation mechanism driven by the atomic diffusion at a 

higher temperature. Ageing during 120 and 240 resulted in microstructures composed totally 

by the lamellar constituent (Figs 5e and 5f).  

 

 

 
 

Figure 4. Microstructures of U-Mo alloys after ageing heat treatments at 300 
o
C. Light 

microscopy, magnification: 200X. 
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The microstructures of the U-10Mo alloy aged at 500 
o
C was characterized by the remaining 

-phase dendrites, which was gradually decomposed as the ageing time increased. These 

remaining dendrites were surrounded by an acicular phase, which was reported as an -phase 

with acicular morphology [15]. The lamellar constituent was observed in the parent dendrites 

boundaries, surrounding the acicular and remaining dendrite portions. As the microstructure 

examination at light microscope did not allow the resolution of the lamellar constituent and 

also the acicular -phase, samples were analyzed at SEM (Fig. 6). The absence of 

microstructural transformations during the ageing at 300 
o
C and the retention of metastable -

phase dendrites at 500 
o
C confirm the remarkable advantage of the U-10Mo alloy as a nuclear 

fuel material, in the dimensional stability point of view. 

 

 
 

Figure 5. Microstructures of U-Mo alloys after ageing heat treatments at 500 
o
C. Light 

microscopy, magnification: 200X. 
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Figure 6. SEM micrographs of U-Mo alloys after ageing heat treatment at 500 
o
C; (a) U-

5Mo, (b) U-7Mo, (c) U-10Mo, acicular -phase between -phase and lamellar 

constituent, and (d) U-10Mo, lamellar constituent. Magnification: 3,000X. 

 

 

In order to simplify the evaluation of the effect of the microstructure in the thermal diffusivity 

of the U-Mo alloys, a microstructural summary of the as-cast and aged samples is presented 

in Table 2.  

 

 

Table 2. Summary of the U-Mo alloys microstructures after ageing heat treatments. 

 

Heat treatment 

condition 
U-5Mo U-7Mo U-10Mo 

As-cast  + banded   

300 
o
C 

72 h banded  + banded  

120 h banded  + banded  

240 h banded  + banded  

500 
o
C 

72 h  + lamellar  + lamellar  + acic+ lamellar 

120 h  + lamellar lamellar  + acic+ lamellar 

240 h  + lamellar lamellar  + acic+ lamellar 
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The thermal diffusivity of the U-Mo samples is shown in Fig. 7. The values of the as-cast 

samples are of the same order of magnitude of results found in the literature [18,19], but with 

a tendency for lower values. It may be caused by the presence of uranium carbides, but an 

specific investigation needs to be carried out in order to confirm this assumption. As this 

property is a measure of thermal inertia, heat will move rapidly through high thermal 

diffusivity materials, as it conducts heat quickly relative to its volumetric heat capacity or 

'thermal bulk'. In this sense, it may be noticed a trend for higher thermal diffusivities of 

microstructures with higher volume fractions of the lamellar constituent, as it is the case of 

the U-5Mo alloy, where the volume fraction of this constituent increased with the ageing time 

at 500 
o
C, and the U-7Mo aged at 500 

o
C during 72 h. On the other hand, the presence of the 

-phase seems to be associated to a decreased value of thermal diffusivity. An effect of the 

banded morphology in the thermal diffusivity in comparison with the values found for the as-

cast samples was not clear. However, the thermal diffusivities of the samples whose 

microstructure was greatly composed by the banded morphology are surely lower than the 

values found for the samples characterized by the total decomposition of the -phase into the 

stable  and U2Mo phases. 

 

 

 
 

Figure 7. Thermal diffusivity of the U-Mo alloys for the as-cast and aged samples. 

 

 

The increase in the thermal diffusivity with the progress of the -phase decomposition 

suggests the use of U-Mo alloys with microstructures composed by the thermodynamically 

stable phases, in the viewpoint of heat extraction efficiency, which is conflicting with the 

dimension stability viewpoint, where the presence of the g-phase is strongly desired. A 

balance between these needs should be considered in the design of nuclear fuel materials, 

which suggests further irradiation investigations in nuclear fuels with a lamellar constitution 

of their microstructure.  
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4. CONCLUSIONS  

 

U-Mo alloys presenting microstructures composed by the thermodynamically stable phases  

and the U2Mo intermetallic compound showed the trend of higher values of thermal 

diffusivity and so, better heat conducting behavior. The presence of higher volume fractions 

of the lamellar constituent seemed to be responsible for such increase. 

 

Further investigations on the thermal properties of U-Mo alloys composed by high volume 

fractions of the lamellar constituent, as well as irradiation tests with this microstructural 

arrangement are need to establish a balance between dimensional stability and heat 

conduction requirements. 
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