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Background
Nuclear fuels have gained significant attention due to their high energy
density, low cost as well as elimination of carbon emissions. However, the
Fukushima nuclear accident in 2011, which was caused by the loss of coolant
and the production of hydrogen, incited public concerns on the safety issues in
nuclear reactors and motivated the development of accident tolerant fuels
(ATFs).
Uranium silicides are among the potential ATF candidates for the high
density of uranium. Furthermore, alloying a third metal element M (such as Al
and some pre-transitional elements Ti, V, Zr, Nb, Mo) into U3Si2, may improve
the service performance of U3Si2 -based ATF. Hence, it is essential to develop
reliable thermodynamic datasets for the U-Si-M systems and clarify the factors
that affect the solubilities of M in U3Si2.
Thus, the present work focuses on the contributing factors of the solubility
differences in U3Si2 using the CALPHAD (CALculation of PHAse Diagram)
methods supported by the first-principles calculations.

Methods

Fig.1. Illustration of nuclear fuel rod [1-2].
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Fig. 2. Illustration of the current modeling scheme. The first-principles
calculations and the CALPHAD methods have been used to explore
the composition-structure relationship.

We studied the U-Si-M phase diagrams using the
CALPHAD (CALculation of PHAse Diagram)
approach aided by the first-principles calculations,
to explore the M solubility in U3Si2.
Fig. 3. The calculated isothermal sections at 973 K of: (a) U-Si-Al; (b) U-Si-Ti; (c) U-Si-V; (d)
U-Si-Zr; (e) U-Si-Nb; (f) U-Si-Mo. Each single-phase region has been marked with orange
texts with the U3Si2 phase highlighted in red; while the dual-phase regions have been labeled
with green tie-lines in each phase diagram.

Conclusions
To sum it up, we have concluded the solubility
with the methods of CALPHAD and the firstprinciples calculations:
◆ The enthalpy changes of U3(Si1-xMx)2 have
been calculated using the CALPHAD
approach assisted by the first-principles
calculations.
◆ The optimized U-Si-M isothermal sections at
973 K have been established with the
PARROT module in Thermo-Calc software.
◆ The solubilities of alloying elements depend
on the electronegativity, the atomic radius and
the number of mesophases. As a general
trend, the solubility of elements is
reversely proportional to the values of ΔE,
ΔR and Nm.
◆ Element Al shows the largest solubility
among the metallic dopants investigated.
These results may provide important clues for
the design of the new U3Si2-based ATFs.
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The calculated results indicate that the Nb, Mo, V and Al have limited
solubilities in U3Si2, namely 0.001%, 0.16%, 0.30% and 0.39%,
respectively. In addition, elements Zr and Ti have minute solubilities. It
should be mentioned that the current dataset was based on an
assumption that no ternary compound existed in the U-Si-M systems
(except for the U-Si-Al system), and the solubility limits predicted here
are only valid for the stable solid solution of U-Si compounds.
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Fig.4. The variation trend of solubility with atomic
radius difference, electronegativity difference
and the number of mesophases. The
electronegativity difference ΔE reveals the
solubility range. The radius difference ΔR is
defined as the difference between element M
and Si in their radius, and number of
mesophases Nm is the total intermetallic
compounds in both Si-M and U-M systems.

The results show that the M
solubility is closely related to the
electronegativity, the atomic
size and the number of
mesophases. To be specific, the
solubility of M increases with
the decreased differences in
radius and electronegativity
between Si and M, as well as
the
reduced
number
of
intermediate phases in the
binary U-M and Si-M systems.
In addition, Al has the largest
solubility in U3Si2 among all the
elements studied, whereas Zr
and Ti have minute solubilities.
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