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ABSTRACT 

The structural, elastic, electronic, vibrational and thermodynamic properties of uranium 

aluminides UAlx (x = 2, 3, 4) were studied by density functional theory calculations. The single 

crystal elastic constants of UAlx were predicted using the stress-strain method, which were further 

used to calculate the polycrystalline aggregate properties of UAlx, including bulk modulus, shear 

modulus, Young’s modulus, and Poisson’s ratio etc. The calculated electronic density of states 

confirm that UAlx compounds are metallic phases with majority states at the Fermi level 

contributed by U 5f electrons. The phonon dispersion relations and density of states show that the 

low frequency acoustic phonon modes of UAlx are dominated by the lattice vibration of uranium 

atoms while high frequency optical phonon modes are from the vibration of aluminum atoms. 

Using quasiharmonic approximation, thermodynamic properties of UAlx, including Gibbs free 

energy, entropy, heat capacity, and linear thermal expansion coefficient, were predicted by 

including both lattice vibrational and thermal electronic contributions. The thermal electronic 

energy was found to be crucial for the description of the temperature dependence of the 

thermodynamic properties. The derived Gibbs energy functions of UAlx are expected to be useful 

to the thermodynamic modeling of the ternary U-Mo-Al system. 
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I. INTRODUCTION 

Uranium aluminides have attracted great interest due to their scientific and technological 

importance [1-9]. U-Al alloys based dispersion fuels, i.e., UAlx (x = 2, 3, 4) dispersed in aluminum 

powder, have been used as nuclear fuels for research and test reactors worldwide for several 

decades [10]. Currently, U-Mo alloy based fuels are considered to be one of the most promising 

candidate fuels for the conversion of high performance research reactors using highly enriched 

uranium (HEU) to low enriched uranium (LEU) fuels [11]. In U-Mo/Al dispersion-type fuel, 

atomized U-Mo alloy particles are dispersed in Al powder matrix, thus interaction between U-Mo 

particles and Al matrix cannot be avoided under irradiation. Mazaudier et al. revealed that the 

reaction products formed at the interface consist of UAl3 and UAl4 in addition to the ternary 

compounds of U6Mo4Al43 and UMo2Al20 using diffusion couple and nuclear fuel plate annealing 

tests [12]. Under irradiation, the interaction layer (IL) formed between U-Mo fuel particle and Al 

matrix is mostly composed of amorphous (U,Mo)Alx phases [13]. The IL is known to reduce the 

effective thermal conductivity of U-Mo/Al dispersion fuel due to its lower thermal conductivity as 

compared to U-Mo alloy and Al matrix. Meanwhile, IL can also cause abnormal fuel swelling at 

high burnups. Therefore, a thorough investigation of the fundamental material properties of IL is 

important for the development of U-Mo/Al dispersion fuels. 

Although the magnetic and electronic behavior of uranium aluminide compounds have 

been reported a number of times [2-6, 9], their thermophysical properties are less studied. The 

enthalpies of formation of UAlx at room temperature have been measured by Chiotti et al. and 

Nagarajan et al. using adiabatic calorimetry [14, 15]. Kutty et al. investigated the thermal 

expansion of U-Al alloys from room temperature to 550 ºC using high temperature dilatometry 

[16]. The thermodynamic phase diagram of U-Al has been evaluated by both Kassner et al. [17], 
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Wang et al. [18] and Sedmidubsky et al. [19]. The thermophysical properties of uranium 

aluminides are crucial to model the impact of IL on the performance of U-Mo/Al dispersion fuel 

using mesoscale and macroscale simulations. To this end, we systematically investigate the 

structural, elastic, electronic, vibrational and thermodynamic properties of UAlx (x = 2, 3, 4) using 

density functional theory (DFT) based first-principles calculations. The predicted thermodynamic 

properties of UAlx are expected to be useful for the modeling of the ternary U-Mo-Al system. 

 

II. Computational details 

DFT calculations were performed using the projector augmented wave method (PAW) [20] 

and electronic exchange-correlation potentials were described by the generalized gradient 

approximation (GGA) [21] as implemented in the Vienna ab initio simulation package (VASP) 

[22, 23]. 6s26p65f36d17s2 and 3s23p1 electrons were treated as valence electrons for U and Al, 

respectively. Spin-polarized ferromagnetic (FM) and nonmagnetic (NM) structures were tested for 

the structural and elastic properties of UAlx. A cut-off plane-wave energy of 500 eV was used for 

all calculations. K-point meshes of 25×25×25, 29×29×29, 24×16×8 with Monkhorst-Pack scheme 

[24] were employed for UAl2, UAl3 and UAl4, respectively. The crystal structures of UAlx were 

fully relaxed with respect to both cell shape and atomic positions. Accurate total energy and 

electron density of state (DOS) calculations were performed by means of the linear tetrahedron 

method with Blöchl’s correction [25].  

It is well known that conventional DFT method may not be sufficient to describe the 

strongly correlated 5f electrons in U atoms. More advanced methods, such as DFT+U, are required 

to properly model the electronic and magnetic properties of uranium compounds, such as UO2 [26] 

and UN [27]. However, there is no consensus on whether DFT+U method is necessary to correctly 
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describe U metal and its alloys. Meanwhile, Söderlind et al. [28, 29] found that conventional DFT 

is sufficient for U and UZr alloys. Consistent with previous theoretical work [30, 31], our current 

study show that conventional DFT method can well describe the structural and mechanical 

properties of UAlx compounds. Therefore, DFT+U method is not considered in this work. 

The phonon dispersion relations and DOS of uranium aluminides were calculated using the 

supercell approach as implemented in Yphon [32], with force constant matrices calculated in real 

space using density functional perturbation theory (DFPT) [33]. To obtain converged force 

constants, an energy cutoff of 500 eV and a k-point mesh of 3×3×3 were adopted for 2×2×2 

supercell of UAl2 (64 U and 128 Al), 3×3×3 supercell of UAl3 (27 U and 81Al) and 3×2×1 

supercell of UAl4 (24U and 96 Al). The current approach has been successfully applied in the 

investigation of phonon spectra of several other uranium compounds, such as UN [34] and UO2 

[26]. 

 

III. RESULTS AND DISCUSSION 

A. Structural and electronic properties 

There are three intermetallic compounds in the binary U-Al system, i.e., UAl2, UAl3, and 

UAl4. UAl2 and UAl3 adopt a cubic structure with space groups of 𝐹𝑑3̅𝑚 and 𝑃𝑚3̅𝑚 respectively, 

while UAl4 crystallizes in a body centered orthorhombic structure with the space group of 𝐼𝑚𝑚𝑎. 

Although UAl4 phase has long been considered as a defect structure, a more recent study by 

Tougait et al. [35] found that UAl4 forms a fully stoichiometric compound without constitutional 

defect in the U sublattice. Thus, UAl4 was treated as a stoichiometric phase in this work, similar 

as UAl2 and UAl3. To determine the ground state, we studied the FM, NM and AFM structures of 

UAlx. In order to predict the equilibrium properties, we calculated the total energy of FM, NM and 
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AFM UAlx at a series of volumes, and the obtained total energy (E) versus volume (V) data were 

then fitted by the Birch-Murnaghan equation of state (EOS) [36]. As an example, the total energies 

of FM UAl2, UAl3 and UAl4 calculated at eleven different volumes are shown in Fig. 1. Table 1 

lists the derived equilibrium properties of UAlx, such as total energy, lattice parameter, bulk 

modulus (B0) and its pressure derivative ( 0B ). As shown in Table 1, FM structure is found to be 

more stable than the NM and AFM states of UAl2 and UAl3, while the total energy of AFM UAl4 

is predicted to be slightly lower than the FM state by 0.01 eV/atom. Consistent with previous 

theoretical studies [30, 31], the lattice parameters of UAlx are underestimated by GGA calculations. 

However, the lattice parameters of UAlx described by FM are in better agreement with 

experimental measurements [17, 35] as compared to the NM and AFM states. The predicted 

equilibrium bulk modulus of FM UAl2 agrees well with experimental result [37], while those of 

UAl3 and UAl4 are slightly overestimated. Overall, the currently predicted lattice parameters and 

bulk modulus of UAlx described by FM are in better agreement with experiments than previous 

theoretical studies [30, 31]. For consistency, we adopted FM structures for all UAlx compounds in 

the following study. To study the role of spin-orbit coupling (SOC) in the description of uranium 

aluminides, we calculated the structural and mechanical properties of UAlx with and without SOC. 

The lattice parameter and bulk modulus of UAl3 predicted with SOC are only slightly different 

from those calculated without SOC. Thus, SOC is not considered for UAlx in the following studies. 
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Figure 1. Total energy per atom of FM UAlx (x = 2, 3, 4) as a function of volume. Open symbols 

are from direct DFT calculations while lines are from EOS fitting. Solid symbols indicate the 

equilibrium volume of each compound. 

 

Table 1. Equilibrium properties of UAlx (x = 2, 3, 4), including lattice parameter, bulk modulus B0 

and its pressure derivative 0B , and spin-induced magnetic moment of U atoms. 

 a, b, c 

(Å) 

E0 

(eV/atom) 

B0 

(Gpa) 
B0'  

Mag. 

Mom. (μB) 
Reference 

UAl2 7.712 -6.37 84 3.29 2.64 This work (FM) 
 7.624 -6.33 102 3.99  This work (NM) 

 7.632 -6.33 91 5.01 1.34 This work (AFM) 
 7.76 [17]  839 [37]  3.06 [38] Expt. 
 7.629 [31]  93 [31]   Calc. 

UAl3 4.255 -5.72 90 4.36 2.30 This work (FM) 
 4.235 -5.69 98 4.16  This work (NM) 
 4.257 -6.44 88 4.33 1.91 This work (SOC) 

 4.249 -5.72 88 4.17 3.95 This work (AFM) 
 4.266 [35]  706 [37]  3.7 [39] Expt. 
 4.237 [31]  90 [31]   Calc. 

UAl4 4.380, 6.188, 13.788 -5.33 86 4.32 2.36 This work (FM) 
 4.357, 6.174, 13.692 -5.31 96 4.19  This work (NM) 

 4.369, 6.204, 13.824 -5.34 87 4.23 4.18 This work (AFM) 
 4.401, 6.255, 13.728 [35]  735 [37]   Expt. 

 4.374, 6.212, 13.841 [31]  88 [31]   Calc. 
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To understand the bonding behavior in uranium aluminides, we calculated the total and 

orbital projected electronic density of states (DOSs) of FM UAlx, as shown in Fig. 2. The lower 

valance bands for uranium aluminides from -3 eV to -1 eV are dominated by the U 6d and Al 3p 

electrons. The Al 3p orbitals hybridize with the U 6d orbitals below the Fermi level EF. The upper 

valance and lower conduction bands of uranium aluminides from -1 eV to 2eV are mainly from 

the U 5f states. The 5f electron occupancy at the Fermi level is predicted to be 3.4, 3.5, 5.7 electrons 

for UAl2, UAl3 and UAl4, respectively. Due to the strong overlap of the U 5f orbitals at the Fermi 

level, uranium aluminides exhibit the typical metallic character. 

 

 
Figure 2. Total and orbital projected electronic DOSs of FM UAlx (x = 2, 3, 4). The vertical dotted 

line is the Fermi energy level EF. 

 

B. Elastic properties 
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The single-crystal elastic constants (Cij) of UAlx were calculated using the stress-strain 

method [40] based on the applied strains of ±0.01. Table 2 summarizes the calculated elastic 

constants of FM and NM UAlx together with those of α-U and Al. Due to the underestimation of 

the lattice parameters, the elastic constants of NM UAlx by GGA are considerably overestimated 

compared to those of FM ones. The currently predicted elastic constants of NM UAl2 are almost 

exactly the same as those by Kang et al. [30], which indicates that Kang et al. didn’t use the FM 

ground state to describe UAl2. In addition, we studied the effect of SOC on the elastic properties 

of UAlx. The elastic constants of UAl3 predicted with SOC are about 2%, 5% and 3% lower than 

those without SOC for C11, C12 and C44, respectively. Consistent with the predicted structural 

properties, SOC has only a small impact on the elastic properties of uranium aluminides. 

With the calculated elastic constants, the polycrystalline aggregate properties of UAlx, such 

as bulk modulus (B), shear modulus (G), Young’s modulus (E), B/G ratio, universal anisotropy 

index (AU) and Poisson’s ratio (v), were obtained according to the Vioght-Reuss-Hill approach 

tabulated [41] as shown in Table 3. Bulk modulus can be calculated from both EOS fitting and Cij. 

A good agreement between BH (Hill approach based on Cij) and BEOS (based on EOS fitting, see 

table 1) was obtained for all three compounds, with difference less than 1%. UAl3 shows the largest 

B, G and E moduli among the three, indicating that the average bonding in UAl3 is the strongest. 

According to Pugh’s criteria [42], B/G ratio of 1.75 separates ductile and brittle materials. All three 

UAlx compounds were predicted to be brittle compared to the much more ductile Al metal. 

However, UAl4 is slightly more ductile than UAl2 and UAl3, consistent with the predicted higher 

value of Poisson’s ratio. To analyze the crystal anisotropy, the universal anisotropy index proposed 

by Ranganathan and Ostoja-Starzewki [43] was adopted. The universal anisotropy index can be 

calculated from the B and G values by the Voigt and Reuss approaches, as 𝐴U = 5𝐺Voigt/𝐺Reuss +
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𝐵Voigt/𝐵Reuss–6 ≥ 0 with AU = 0 for perfect isotropic materials. Cubic UAl2 shows a similarly 

low value of AU as Al while UAl3 and UAl4 have much higher AU, suggesting that UAl2 is 

elastically more isotropic than UAl3 and UAl4. 

 

Table 2. Single-crystal elastic constants Cij (GPa) of UAlx (x = 2, 3, 4). 

 C11 C12 C44 C13 C22 C23 C33 C55 C66 Reference 

UAl2 187.6 33.3 60.7       This work (FM) 
 230.2 38.5 76.4       This work (NM) 
 230 38 77       Calc. [30] 

UAl3 160.6 55.0 82.3       This work (FM) 

 157.2 52.25 79.9       This work (SOC) 
 175.7 59.4 89.4       This work (NM) 
 158 50 81       Calc. [30] 

UAl4 140.6 72.9 43.2 49.1 133.1 41.8 164.8 70.4 66.3 This work (FM) 
 151.4 76.5 45.8 53.2 140.1 47.4 170.6 74.5 65.0 This work (NM) 

α-U 298.9 57.3 150.7 26.9 223.9 142.2 361.5 150.7 131.7 This work 

Al 106.2 63.9 26.6       This work 

 

Table 3. Polycrystalline aggregate properties of UAlx (x = 2, 3, 4), including bulk modulus B (GPa), 

shear modulus G (GPa), Young’s modulus E (GPa), B/G ratio, universal anisotropy index (AU) and 

Poisson’s ratio (v). 

 B G E B/G AU v BEOS Reference 

UAl2 84.7 66.8 158.7 1.27 0.07 0.19 83.7 This work (FM) 

 102.4 83.7 197.2 1.22 0.06 0.18 102.2 This work (NM) 

 102 96 219 1.06  0.14  Calc. [30] 

UAl3 90.2 68.9 164.7 1.31 0.24 0.20 89.9 This work (FM) 

 86.7 67.6 160.9 1.28 0.21 0.19 87.6 This work (SOC) 

 98.1 75.3 179.8 1.30 0.22 0.19 98.0 This work (NM) 

 86 54 134 1.57  0.24  Calc. [30] 

UAl4 85.0 52.0 129.5 1.64 0.46 0.25 85.6 This work (FM) 

 90.6 54.0 135.2 1.68 0.39 0.25 95.6 This work (NM) 

α-U 146.0 114.3 271.9 1.28 0.62 0.19 142.9 This work 

Al 78.0 24.2 65.9 3.22 0.06 0.36 77.8 This work 
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C. Vibrational properties 

We calculated the phonon dispersion relations of UAlx compounds at their theoretical 

equilibrium volumes along high symmetric directions, i.e., K-Γ-L-W-X-U, Γ-X-M-Γ-R-X, Γ-R-

W-S-Γ-T-W for 𝐹𝑑3̅𝑚 UAl2, 𝑃𝑚3̅𝑚 UAl3, and 𝐼𝑚𝑚𝑎 UAl4, respectively. As shown in Fig. 3, no 

phonon modes show imaginary frequencies, indicating that all three intermetallic compounds are 

dynamically stable. From the phonon spectra, we noticed a wide phonon gap as large as 2.5 THz 

in UAl2, while the phonon gaps in UAl3 and UAl4 are very small. The phonon gap between the 

acoustic and optical modes can be ascribed to the large mass difference between uranium and 

aluminum atoms. Meanwhile, UAl2 has the highest frequency in the optical phonon modes, 

followed by UAl4 and UAl3. To understand the contribution of individual atoms to the phonon 

modes, we plotted the site-projected phonon DOSs of UAlx in Fig. 4. For all three compounds, the 

low frequency acoustic phonon modes are mainly from the lattice vibration of heavy U atoms, 

while high frequency optical phonon modes are due to the vibration of Al atoms. 

 

 

(a) 
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Figure 3. Phonon dispersion relations of (a) UAl2, (b) UAl3 and (c) UAl4 calculated at theoretical 

equilibrium volumes. 

 

(b) 

(c) 
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Figure 4. Total and site projected phonon DOS of UAlx (x = 2, 3, 4). 

 

 

D. Thermodynamic properties 

Helmholtz free energy (F) of a solid phase can be calculated as [44], 

F(V,T) = E(V) + Fvib(V,T) + Fele(V,T), (1) 

where V is the volume, T the temperature, E the 0 K total energy, Fvib the lattice vibration free 

energy, and Fele the thermal electronic free energy. Within quasiharmonic approximation, the 

vibrational energy and thermal electronic energy can be predicted from the volume dependent 

phonon and electron DOSs [44]. Using thermodynamic relation, entropy (S) can be estimated by 

S = – (∂F/∂T)V. For studies at constant pressure, the appropriate thermodynamic function is Gibbs 

free energy (G = F + PV). Neglecting the influence of ambient pressure on solid phases, Helmholtz 

free energy F is equivalent to Gibbs free energy G. The calculated Gibbs free energy G and entropy 



 13 

S of UAlx are shown in Figs. 5 and 6. Heat capacity at constant pressure (CP) can be calculated 

from the thermodynamic relation, 

CP = CV + 9α2VBT, (2) 

where CV = -T(∂2F/∂T2)V is the heat capacity at constant volume, α the linear thermal expansion 

coefficient, and B the bulk modulus. The linear thermal expansion coefficient α of UAlx was 

calculated from the temperature dependence of volume by 
1

3
𝑉−1𝑑𝑉/𝑑𝑇, as shown in Fig. 7. The 

predicted linear thermal expansion coefficients of UAl2 and UAl3 are in good agreement with the 

measurement by Kutty et al. [16], while that of UAl4 is overestimated by about 15% at 773 K. 

Figure 8 shows the predicted heat capacity CP of UAlx up to 1000 K. The overall agreement with 

experimental data compiled by Johnson [45] are reasonable from 300K to 800K. To study the 

effect of thermal electrons on the thermodynamic properties, we compared heat capacity of UAl3 

with and without thermal electronic contribution in Fig. 9. The heat capacity of UAl3 are much 

underestimated without considering the thermal electronic contribution, especially at high 

temperatures. Similar as UAl3, the thermal electronic excitation energy and electronic entropy are 

critical to capture the temperature dependence of the thermodynamic properties of uranium 

aluminides UAlx.  

To provide self-consistent thermodynamic models for uranium aluminides, we derived the 

Gibbs energy functions of UAlx by fitting the calculated Gibbs free energy using the following 

expression, 

2 3 1lnG a bT cT T dT eT fT −= + + + + + , (3) 

where a, b, c, d, e and f are the fitting parameters. The normalized root-mean-square deviation due 

to fitting is less than 0.02%, indicating that Eq. (3) is reliable to describe the free energy of UAlx 
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from 10 K to 1000 K. The fitted Gibbs free energy functions of UAl2, UAl3 and UAl4 are tabulated 

in Table 4.  

 

 

Table 4. Gibbs energy functions of UAlx (x = 2, 3, 4) in unit of kJ/mol-formula fiited from DFT 

calculations. Enthalpy at 298.15K is taken as the reference state for Gibbs energy fuction. 

 Temperature range (10 K < T < 1000 K) 

UAl2 -19.82 + 0.2693 T – 5.325×10-2 Tln(T) – 4.648 ×10-5 T2 -1.151×10-8 T3 – 21.34 T-1 

UAl3 -22.87 + 0.2654 T – 5.011×10-2 Tln(T) – 9.729 ×10-5 T2 -2.473×10-8 T3 – 25.5 T-1 

UAl4 -28.51 + 0.322 T – 5.913×10-2 Tln(T) – 1.354×10-4 T2 – 3.58×10-8 T3 – 33.5 T-1 

 

 

 

 
Figure 5. Gibbs free energy of UAlx (x = 2, 3, 4) as a function of temperature. 
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Figure 6. Entropy of UAlx (x = 2, 3, 4) as a function of temperature. 

 

 

 

  
Figure 7. Linear thermal expansion coefficient of UAlx (x = 2, 3, 4) as a function of temperature 

together experimental data [16]. 
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Figure 8. Heat capacity at constant pressure of UAlx (x = 2, 3, 4) together with experimental data 

[45]. 

 

 

 
Figure 9. Heat capacity at constant pressure of UAl3 with (solid line) and without (dotted line) 

electronic contributions together with experimental data [45]. 
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IV. CONCLUSIONS 

We investigated the structural, elastic, electronic, vibrational and thermodynamic properties of 

uranium aluminides UAlx (x = 2, 3, 4) using DFT calculations. FM structure is found to better 

describe the structural and elastic properties of uranium aluminides than the NM and AFM 

structures. From the single crystal elastic constants, polycrystalline properties of UAlx, including 

bulk modulus, shear modulus, Young’s modulus, B/G ratio, universal anisotropy index and 

Poisson’s ratio, were predicted. The calculated B/G ratio suggests that UAl4 is slightly more ductile 

than UAl2 and UAl3. Meanwhile, it is found that UAl2 is elastically more isotropic than UAl3 and 

UAl4 from the universal anisotropy index AU. The calculated electronic DOSs show that the 

majority states of UAlx at the Fermi level are from the U 5f electrons with a minor contribution 

from Al 3p electrons. The site-projected phonon DOSs of UAlx confirms that the low frequency 

acoustic phonon modes are mainly by the lattice vibration of uranium atoms, which dominates the 

lattice vibrational free energy. Our study shows that the thermodynamic properties of uranium 

aluminides can be well reproduced within quasiharmonic approximation up to 1000 K. The 

thermal electronic excitation energy and electronic entropy are found to be crucial to capture the 

temperature dependence of the thermodynamic properties of UAlx. Finally, we derived the Gibbs 

energy function of UAlx, which are expected to be useful for the future thermodynamic modeling 

of ternary U-Mo-Al system. 
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