
BJRS 

 

BRAZILIAN JOURNAL 

  OF  

RADIATION SCIENCES 
08-03A (2020) 01-14 

 

ISSN: 2319-0612  
Accepted: 2020-08-18 

 

Crystallographic texture of hot rolled uranium-

molybdenum alloys 

 

Nielsen
a,b

 G.F., Morais
b
 N.W.S., Lima

b
 N.B. 

 

a Centro Industrial Nuclear de Aramar/Departamento de Materiais Nucleares, 18560-000, Iperó, SP, Brazil 

b
 Instituto de Pesquisas Energéticas e Nucleares, 05508-000, São Paulo, SP, Brazil 

guilherme.nielsen@marinha.mil.br 

 

ABSTRACT 

 
The uranium molybdenum (U-Mo) alloys have the potential to be used as low enriched uranium nuclear fuel in 

research, test, and power nuclear reactors. U-Mo alloy with composition between 7 and 10 wt% molybdenum 

shows excellent body centered cubic phase (γ phase) stabilization and presents a good nuclear fuel testing 

performance. Hot rolling is commonly utilized to produce nuclear fuel plate where it promotes the cladding and 

the fuel alloy bonding. The mechanical deformation generates crystallographic preferential orientation, the 

texture, which influences the material properties. This work studied the texture evolution in hot rolled U-Mo 

alloys. The U7.4Mo and U9.5Mo alloys were melted in a vacuum induction furnace, homogenized at 1000°C for 5 

h, and then hot rolled at 650°C in three height reductions: 50, 65 and 80%. The crystalline phases and the 

texture were evaluated by X-ray diffraction (XRD). The as-cast and processed alloys microstructures were 

characterized by optical and electronic microscopies. The as-cast, homogenized, and deformed alloys have the γ 

phase. It was found microstructural differences between the U7.4Mo and U9.5Mo alloys. The homogenized 

treatment showed effective for microsegregation reduction and was not observed substantial grain size 

increasing. The deformed uranium molybdenum alloys presented α, γ, θ texture fibers. The intensity of these 

texture fibers changes with rolling reduction. 

 

Keywords: U-Mo alloys, hot rolling, texture. 
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1. INTRODUCTION 

 

The Reduced Enrichment Program for Research and Test Reactors (RERTR) was initiated in 

1978 to develop technology to convert and operate nuclear reactors with low uranium enrichment 

nuclear fuels [1,2]. This program limited the enrichment of nuclear fuel production up to 20% by 

weight of the fissile isotope 
235

U, called Low Enriched Uranium (LEU). Monolithic fuels are 

employed to increase the density of fissile material in nuclear fuels. These fuels are usually 

produced in the form of plates where their core is the fissile material and its cladding by zirconium 

or stainless steel. These fuels have high thermal conductivity and an intermediate melting point. 

This high content of fissile material in thick plates, however, is undesirable because it causes 

excessive swelling [1,3].  

Pure uranium has an orthorhombic uranium crystal system (α-U) at room temperature. This 

crystalline phase has some disadvantages such as high chemical reactivity (low oxidation resistance 

and high pyrophoricity), the anisotropy of properties, and swelling by irradiation [3]. To obtain 

better nuclear fuel performance, the metastable body centered cubic, bcc, (γ phase) of uranium 

should be achieved. Alloying elements are added to stabilize the uranium gamma phase [4]. The 

uranium-molybdenum alloys are one of the most commonly used monolithic fuels. This alloy from 

7 weight percent (wt.%) of molybdenum stabilizes γ-uranium [1,5]. U10Mo was selected as a 

candidate with the best performance characteristics. 

The rolling technique is the most employed for the production of nuclear fuel plates, [1,6,7]. 

The hot rolling process is normally used because it favors the fuel core and cladding bonding. 

Deformation processes modify the material microstructure and generate the preferential 

crystallographic orientation, the texture. 

The understanding of the evolution of the microstructure and the mechanical properties during 

hot rolling is therefore essential to predict the behavior of the alloy under operational conditions and 

their damage by irradiation [8]. 

This work will evaluate the texture behavior under different hot rolling deformation conditions 

in the U7.4Mo and U9.5Mo (wt.%) alloys.  
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2. MATERIALS AND METHODS 

 

The alloys were melted in the vacuum induction furnace. The as-cast alloys were submitted to a 

heat treatment to homogenize and stabilize the gamma phase at room temperature. The samples 

were heated for 5 hours at 1000°C followed by water quenching. The hot rolling temperature was 

650°C. It was obtained for each alloy three samples with different deformations degree: 50, 65, and 

80% of its initial thickness. The total rolling passes in 50, 65 and 80% deformed alloys were 5, 6, 

and 7, respectively.  

Samples were generally cut by metallographic cutters using SiC abrasive discs. The samples 

were ground with 1200 mesh SiC paper. After grinding, the samples were polished using a 9 μm, 3 

μm, and 1 μm diamond suspension. The electrolytic etching was performed with a solution of 6 

parts of 10% H2CrO4 solution and 1 part of 10% HNO3.  

Chemical composition was obtained by Induced Coupled Plasma Optical Emission 

Spectroscopy (ICPOES) except carbon that was determined by the combustion method. To obtain 

reliable chemical composition results, the chemical analysis was performed in 6 g of material 

collected in several parts of the as-cast samples. The chemical composition results were presented 

from an average of 3 analyses. The optical and electronic microscopies were employed in the as-

cast and homogenized samples. 

The crystalline phase and texture were evaluated by x-ray diffractometry with Cu kα radiation. 

Rietveld refinement was accomplished using GSAS software [9]. The (110), (200), (211), and (310) 

pole figures were measured for the orientation distribution function (ODF) determination. The ODF 

calculation was made by MTEX software [10]. The ODF’s were presented in Euler space as plots of 

45° φ2 section and its intensities were presented in multiple random density (mrd) units.  

 

3. RESULTS AND DISCUSSION 

 

Table 1 shows the U7.4Mo and U9.5Mo chemical compositions. The total impurities are 

approximately 2000 mg.kg
-1

 among which the elements C, Al, Mn, and Fe stand out. The carbon 



 Nielsen et al.  ● Braz. J. Rad. Sci. ● 2020 4 

 

concentration is considered low and the impurities results are coherent compared to other works 

[11,12]. 

 

Table 1: Chemical composition of U-Mo alloys (mg.kg
-1 

± standard deviation). Values without 

standard deviation are below the detection limit of the equipment. 

Element U7.4Mo U9.5Mo 

N 9.75 ± 0.49 12.2 ± 2.5 

C 260 ± 20 420 ± 20 

Al 1335 ± 31 1000 ±42 

B 43.1 ± 3.6 12.54 ± 0.01 

Cr < 1.00 < 1.27 

Cd < 2.08 < 2.64 

Mn 253.2  ± 4.3 263.9 ±1.5 

Fe 390.8 ± 17.8 393.0 ± 5.4 

Co < 0.028 < 0.028 

Cu 5.85 ± 0.01 < 1.08 

Zn 11.03 ± 0.98 15.9 ± 1.1 

Ag < 0.99 < 1.26 

Zr < 0.36 < 0.46 

Ni 62.70 ± 0.01 77.4 ± 2.2 

Gd < 1.49 < 1.90 

Si < 0.008 < 0.008 

V < 0.006 < 0.006 

Nb < 0.002 < 0.002 

Mo 73833 ± 80 95350 ± 650 

W < 0.041 < 0.041 

 

The as-cast diffractograms (Figure 1) show that the alloys stabilized the γ-phase. The U9.5Mo 

x-ray diffraction peaks are dislocated to the right in comparison with U7.4Mo, this is due to the Mo 

atom is smaller than U atom and a decrease in lattice parameter occurs as the content of Mo is 

increased. This is confirmed by Rietveld refinement of the as-cast alloys. The lattice parameters 

obtained by Rietveld refinement are 3.412 Å and 3.429 Å for the U7.4Mo and U9.5Mo, 

respectively. 
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Figure 1: As-cast U7.4Mo and U9.5Mo diffractograms. 

 
 

Figure 2 shows the as-cast U9.5Mo and U7.4Mo micrographs obtained by optical microscopy. 

Equiaxed grains with dendritic structure originated from solidification in the vacuum induction 

furnace were observed. The U7.4Mo alloy has a coarser dendritic structure than the U9.5Mo alloy.  

 

Figure 2: Micrographs of the as-cast U7.4Mo (a) and U9.5Mo (b). 

   

 

Molybdenum has higher corrosion resistance than the U and, as a consequence, the 

metallographic etching is more severe in regions with lower Mo content concluding that the 

solidification of the alloys starts in regions with higher molybdenum concentration and 

a) b) 



 Nielsen et al.  ● Braz. J. Rad. Sci. ● 2020 6 

 

microsegregation are presented in as-cast U-Mo alloys. This behavior is justified because the 

addition of molybdenum increases the melting point and therefore the regions with the highest 

molybdenum concentration solidify first [13]. Grains average sizes are 152.5 ± 28.8 μm and 76.1 ± 

5.5 μm for the U7.4Mo and U9.5Mo as-cast alloys, respectively. 

The contrast differences in backscattered electrons (BSE) images obtained by scanning electron 

microscope (Figure 3) suggest the microsegregation of the as-cast alloys [14]. It is noticed in the 

center of the dendritic grain darker contrast probably to a higher concentration of Mo. In 

micrographs by electron microscopy, it is also possible to observe the coarse dendritic structure of 

the U7.4Mo alloy. 

 

Figure 3: Micrographs obtained by backscattered electrons from the as-cast U7.4Mo (a) and 

U9.5Mo (b). 

   

 

The results of the as-cast U-Mo alloys indicate the necessity for homogenization of the alloy. 

Microstructure region with low Mo content is more favorable for decomposition the γ-U from the 

eutectoid reaction UMo = U2Mo + α-U [12] making an important factor for the production of 

monolithic nuclear fuels. Homogenized UMo alloys are necessary to obtain for decreasing phase 

transitions probability during the irradiation of these alloys [12,15]. 

Considering that the as-cast alloys U7.4Mo and U9.5Mo presented microsegregation, a 

homogenization treatment was performed. As in the as-cast samples, the gamma phase was found in 

homogenized U-Mo alloys. These results are seen in the x-ray diffractograms (Figure 4). 

a) b) 
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Another aspect observed in the diffractograms of the thermally treated U-Mo alloys is the width 

of the peak which is reduced indicating refinement of the alloy. The lattice parameters of 

homogenized alloys are 3.440 Å and 3.421 Å for the U7.4Mo and U9.5Mo, respectively. 

Comparing with the as-cast alloys the lattice parameters of the homogenized U-Mo alloys increase 

approximately 0.3%. 

 

Figure 4: Diffractograms of the U7.4Mo and U9.5Mo thermally treated alloy. 

 

 

The microstructures of the thermally treated alloys are shown in Figure 5. As observed in these 

figures the dendrites in both alloys are consumed. 

 

Figure 5: Micrographs of the heat treated U7.4Mo (a) U9.5Mo (b). 

   

 

a) b) 



 Nielsen et al.  ● Braz. J. Rad. Sci. ● 2020 8 

 

BSE images (Figure 6) show that the homogenization is obtained. The homogenization 

treatment diffuses Mo in the alloy. It can be observed in Figure 5 that equiaxed grains and the 

average grain size obtained were  174.5 ± 27.6 μm for U7.4Mo and 97.5 ± 4.5 μm for U9.5Mo. 

Comparing the mean grain size of as-cast with the homogenized alloys a growth of 14.4% for 

U7.4Mo and 28.1% for U9.5Mo. This percentage of growth difference can be explained in terms of 

the activation energy for grain growth. The U9.5Mo alloy has lower activation energy than the 

U7.4Mo alloy. The higher the activation energy for grain growth, the lower is the grain growth rate 

[16]. The grain size increasing of the homogenized samples did not change significantly compared 

to 1000°C U-Mo alloys homogenization treatment studies [14,17]. 

 

Figure 6: Heat treated U7.4Mo (a) U9.5Mo (b) Electron backscattered micrographs. 

   

 

Figure 7 shows the ODF’s φ2 = 45° sections for U7.4Mo and U9.5Mo alloys deformed in 50%, 

65%, and 80% thickness reduction. In general, it is noted that the alpha {hkl}[110], gamma 

(111)[uvw] and theta fibers (001)[uvw] are present in all deformation and its intensities vary with 

deformation. The position of these fibers in ODF φ2 = 45° section is indicated in Figure 7b. Figure 8 

shows the γ, α, and θ-fibers of hot rolled U-Mo alloys. 

In 50% deformed alloys γ-fiber is strong in both alloys. The {111}<123> and (111)[011] texture 

components in U7.4Mo is stronger (11.2 mrd) than other γ-fiber components. The most intense γ-

fiber component in U9.5Mo is (111)[011] (9.6 mrd). After rolling 65% thickness reduction, both 

a) b) 
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alloys show a strong homogeneous γ-fiber. By raising the deformation to 80% γ-fiber intensity 

decreases. 

The α-fiber in hot rolled U-Mo alloys with 50% reduction is weak for U7.4Mo. In this 

reduction, the α-fiber in U9.5Mo is moderated at (112)[110] and strong at rotated cube (001)[110]. 

With 65% reduction, α-fiber slightly increases at (112)[110] in both alloys and the intensity of the 

rotated cube component is reduced in U9.5Mo. After hot rolling to 80% reduction, an 

intensification in the rotated cube orientation and the (112)[110] components were developed in U-

Mo alloys. 

With 50% reduction, θ-fiber is weak in U7.4Mo and strong in U9.5Mo. This fiber is weak in 

both alloys with 65% reduction and increases in the samples deformed at 80%. The rotated cube is 

the most intense θ-fiber texture component in 80% deformed U-Mo alloys. 

 

Figure 7: ODF’s φ2 = 45° sections of the U7.4Mo with 50 (a), 65 (c) and 80 (e)% reduction; 

U9.5Mo with 50 (b), 65 (d), and 80 (f)% reduction. 

   

   

Continue on next page 

a) b) 

d) c) 
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Figure 7 (continued) 

   

 

Figure 8: γ (a,b), α (c, d) and θ (e, f) fibers of hot rolled U-Mo alloys. 

   

   

Continue on next page 

 

e) f) 

a) b) 

d) c) 
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Figure 8 (continued) 

   

 

These textures fibers are commonly observed in other bcc materials [18-20]. In uranium alloys 

texture studies, similar results were observed in the cold rolled UNbZr alloy. Lopes et al. reported 

the presence of intense θ-fiber and moderated γ-fiber in U7.5Nb2.5Zr deformed at 80% [13].  

The reduction intensity of gamma fiber components occasioned by increasing the thickness 

reduction was observed in cold rolled bcc steel by Kestens and Pirgazi [18]. It was observed in this 

work that the rising in the deformation from 83% to 90% the α-fiber component {112}<110> 

increases and γ-fiber decreases. At 99.9% deformation, a strong rotated cube component was 

observed [18]. 

The differences in texture between U7.4Mo and U9.5Mo could be caused by the initial grain 

size and stacking fault energy as a consequence of Mo constituent variation [21]. 

The alpha, gamma, and theta fiber textures found in the U-Mo alloys hot rolled with 80% 

reduction result to the isotropic properties of the materials. Monolithic fuels with isotropic 

properties are important to obtain due to the symmetrical swelling and thermal expansion behavior. 

Therefore, these properties contribute to the nuclear reactor stability [13]. 

 

4. CONCLUSION 

 

The microstructure, texture results of homogenized and deformed U-Mo alloys give the 

following conclusions:  

e) f) 
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a. The as-cast alloys presented coarse dendritic structures, microsegregation, and the gamma 

phase. 

b. The homogenization treatment consumed the dendrites and eliminated the microsegregation 

without significant grain growth.  

c. The deformed uranium molybdenum alloys presented strong γ and θ fibers and moderated α 

fiber. 

d. The evolution of texture fibers as the increasing deformation contributes to reducing the 

anisotropic properties of the material. 
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