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SUMMARY

The scope of this FY 18 milestone involves the development of a high fidelity
thermodynamic database for the U-Mo-Ti-Zr system to support the accelerated
design of new pseudo-binary U-xM metallic fuel, where M is a ternary metallic
additive composed of Mo, Ti and Zr and x is the additive amount. Based on the
previous assessment of the Mo-Ti-Zr ternary system performed in FY'17, a
complete set of thermodynamic model parameters describing the U-Mo-Ti-Zr
quaternary system over the entire composition and temperature range have been
developed in this work using the CALPHAD (CALculation of PHAse Diagrams)
approach with inputs from both experimental measurements and density
functional theory (DFT) total energy calculations. The two ternary intermetallic
compounds, the delta phase in the U-Ti-Zr system and the cubic C15 Laves phase
in the Mo-Ti-Zr system, are modeled using physically-based two-sublattice
compound energy formalism. The liquid, bcc and hep phases are described using
the random solution model. Using the present database, the melting temperatures
and bcc onset temperatures of U-xM metallic fuels are predicted as a function of
both additive composition and amount. An optimal metallic additive composition
has been identified in this work.
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STATUS REPORT ON THE DEVELOPMENT OF A
THERMODYNAMIC DATABASE FOR USE WITH
METALLIC FUEL DESIGN

1. INTRODUCTION

Alloying uranium (U) with metallic additives is a viable way to produce nuclear fuels with increased
burnup (fuel utilization) and improved chemical, thermal, and mechanical properties. For example,
compared with pure U, a pseudo-binary U-xM fuel mixture may simultaneously exhibit higher melting
temperature (for increased safety margin) and enhanced phase stability of body-centered cubic (bce) y-U
against phase transformation to a-U at lower temperatures [1]. Here, M is a metallic additive that can be
an elemental metal or an alloy of metals, and x is its relative amount in the fuel. For candidates of M,
while pure molybdenum (Mo) is a strong y-U stabilizer and can significantly depress the bcc-phase onset
temperature, its addition does not lead to large increase in melting temperature compared to pure U, as
indicated by the almost flat solidus line in the binary U-Mo phase diagram. Conversely, while both
zirconium (Zr) and titanium (Ti) can strongly raise the melting point of y-U, the bcc onset temperature is
not much decreased by their addition. By using a ternary Mo-Ti-Zr alloy as metallic additive, it is
possible to design U-Mo-Zr-Ti alloys that can take advantage of the bec phase stabilization offered by Mo
while not compromising the melting temperature via the addition of Zr and Ti.

While the optimum composition of the Mo-Ti-Zr metallic additive and its amount can be identified by
performing a large number of experimental measurements, the process can be both time-consuming and
costly. To expedite the fuel alloy design process, a high fidelity thermodynamic database describing the
U-Mo-Ti-Zr quaternary system over the entire composition and temperature range has been developed in
this work using the CALPHAD approach with inputs from both experimental measurements published in
the literature and highly predictive DFT energetics. Due to the scarcity of experimental data for the
U-Mo-Ti-Zr system, the incorporation of DFT data is of crucial importance for guaranteeing the quality
of the database. Using the present database, the melting temperature (i.e., the solidus temperature) and bcc
onset temperature of U-xM metallic fuel are predicted as a function of both additive composition and
amount. Such results can be directly used to guide the design of advanced metallic fuel alloys.

2. COMPUTATIONAL METHOD

21 The CALPHAD Approach

CALPHAD (CALculation of PHAse Diagrams) is a self-consistent approach that links the underlying
thermodynamics and phase equilibria of multi-component systems using both physically-based and
phenomenological models that describe the Gibbs free energy of each individual phase in a system as a
function of temperature, composition, and possibly also pressure. The key strength of the CALPHAD
approach is that it allows the phase diagrams and properties of a high-order multi-component alloy to be
predicted based on extrapolation from the information of its unary, binary and ternary sub-systems. For
example, a quaternary A-B-C-D phase diagram can be predicted using only the free energies of phases in
its binary (A-B, A-C, A-D, B-C, B-D, C-D) and ternary (A-B-C, A-B-D, B-C-D) subsystems. Such
predictions are highly valuable when experimental data are scarce, which is the case for the U-Mo-Ti-Zr
system.

The liquid, bee and hep solution phases are described using the random solution model, which assumes
completely random mixing of alloying elements on a single parent lattice, neglecting the effects of short-
range ordering. Their free energies can be written using Equation 1, where ®=liquid, bcc or hep. x;
represents the mole fraction of element i (U, Mo, Ti, Zr). G is the Gibbs energy of pure element i in
structure @, which can be taken from the Scientific Group Thermodata Europe (SGTE) pure element
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database, with the reference state being the enthalpies of the pure elements in their stable states at
298.15K, commonly referred to as Standard Element Reference. L; ; represents the binary interaction
parameter between elements i and j, which describes the deviation of real i-j alloy from the ideal solution
behavior. Similarly, L; ; xis the ternary interaction parameter between elements i, j and £.

As shown in Equation 2, the composition-dependence of the binary interaction parameters can be written
in the form of a Redlich-Kister polynomial. L’i‘, ; 18 the k-th interaction parameter between elements i and j
and can be temperature-dependent in the form L’i‘, j = a+ bT, where the coefficients a and b have the
physical meaning as the enthalpy and entropy of mixing, respectively.

In view of the large solubility of Ti in the cubic Mo,Zr Laves phase in the Mo-Ti-Zr ternary system [3],
the Laves phase is modeled using a (Mo, Ti),(Zr), two-sublattice model and its free energy is shown in
Equation 3, where yy,, and y7; denote the site fraction of Mo and Ti in the first sublattice,
respectively. Gy, zr and Gr;, 7z are the Gibbs free energies of the end-member Mo,Zr and Ti,Zr Laves
phases.

Since delta-U,Ti and delta-UZr, compounds have the same Biln2-type crystal structure, they are modeled
as the same phase using a (U,Zr),(Ti,Zr), two-sublattice model. Equation 4 shows the Gibbs free energy
of the delta phase. Here, yj; and yz, denote the site fraction of U and Zr in the first sublattice,
respectively. yr; and y7, denote the site fraction of Ti and Zr in the second sublattice, respectively.

Finally, intermetallic compound U,Mo with negligible homogeneity ranges is modeled as a line
compound with fixed composition.

Equation 1. Gibbs free energy of U-Mo-Ti-Zr random solution phase

Gy =

xyGE + Xp10Grpo + le-G?l- + Xz G + RT(xUln(xU) + Xp10 I (xpg0) Fx7i (X 71)+X 2 ln(er)) +
XyXmoLmoy + XuXriLlriy + XuXzrLy zr + XmoX1ilmo,ri + XMoXzr Lo, zr +

X7iXzr Li zr ¥ Xy X1iXzr Lri y 20 (H

Equation 2. Composition-dependent interaction parameters between elements i and j

K
Lij = Xie=o Li; (xi = x;) (2)
Equation 3. Gibbs free energy of the Laves phase in Mo-Ti-Zr system
Gm =

yIIVIOGMOZZT + yg‘iGTiZZr + RT(}’II\loln(y},\/lo) + y'}lln(y'}l)) + YI,\/IOY’;"L' (L(I\)/Io,Ti:Zr + L%/Io,Ti:Zr(y;\/lo - y'}l))(3)
Equation 4. Gibbs free energy of the delta phase in U-Ti-Zr system

G = YuY1iGu,ri + YuV5rGuyzr + VirV1iGaryri + VY2 Gar, zr + 2RT (yyIn(yy) + vz In(yy,)) +
RT(y5iin(yi) + v n(y)) + Yoysryse (W zrar + Lo zeae O = ¥5)) + VoVry il s (@)

In this work, the unknown model parameters are obtained by fitting to both DFT energies and
experimental phase equilibrium data such as liquidus, solidus, and invariant reaction temperatures. The
optimization of model parameters is performed using the Parrot module in Thermo-Calc, which works by
minimizing the weighted sum of differences between calculated and experimentally measured values
using nonlinear least-square regression. Different types of experimental data, e.g., thermochemical and
phase equilibrium ones, are optimized simultaneously. The weight for each piece of experimental data is
chosen according to its experimental uncertainty and relative importance. A final global optimization is
performed, in which all unknown model parameters are optimized simultaneously, with all experimental
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data included. This ensures the best possible agreement between model calculations and experimental
data. Parameters for binary U-Mo, U-Ti and U-Zr systems are not optimized in this work. These data are
collected from previous studies [4,5]. The final optimized model parameters are given in Table 1.

2.2 Density Functional Theory Calculations

DFT calculations are performed using the projector augmented wave method within the generalized
gradient approximation (GGA), as implemented in the Vienna ab initio simulation package (VASP). For
the GGA exchange-correlation functional, we employ the Perdew-Burke-Ernzerhof (PBE)
parameterization. The semi-core 3p electrons of Ti, the semi-core 4p electrons of Mo, and both the
semi-core 4s and 4p electrons of Zr are explicitly treated as valence electrons. The plane wave cutoff
energy is set at 350 eV. The k-point meshes for Brillouin zone sampling are constructed using the
Monkhorst—Pack scheme, and the total number of k-points times the total number of atoms per unit cell is
at least 5000 for all structures. Convergence tests show that the chosen cutoff energy and k-point density
are sufficient to guarantee high numerical accuracy. By computing the quantum-mechanical forces and
stress tensor, the unit cell volume and shape as well as all internal atomic positions of all structures are
fully relaxed using a conjugate-gradient scheme.

In FY 18, a new physically-based (Mo, Ti)x(Zr); two-sublattice model has been adopted to describe the
Laves phase in the Mo-Ti-Zr system. To parameterize this new model, we have predicted the mixing
energies between Mo and Ti in the first sublattice of the Laves phases using a combination of DFT
calculations, a cluster expansion technique [6], and Monte-Carlo simulations. Using DFT calculated total
energies of 69 ordered Laves structures, we have parameterized a cluster expansion that is capable of
predicting the energetics of any distribution of Mo and Ti in the first sublattice of the Laves phase. As
shown in Figure 1, the cluster expansion can accurately reproduce the mixing energies predicted by DFT.
Importantly, the negative mixing energies indicate that it is thermodynamically favorable to substitute Ti
for Mo in the Mo,Zr Laves phase, which is in agreement with the experimentally observed large
solubility of Ti in this binary compound [3]. The mixing energy data shown in Figure 1 are critical for the
development of a new thermodynamic description of the Mo-Ti-Zr ternary system in this work.
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Figure 1 (a) Direct comparisons between the mixing energies of 69 ordered Laves structures predicted by
DFT calculations and cluster expansion. The solid line represents perfect agreement between the two
methods. (b) Monte Carlo simulated mixing energies of disordered (Mo, Ti),Zr Laves phase at 873 K.
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Table 1. Thermodynamic parameters for the U-Mo-Ti-Zr quaternary system.
Phase Sublattice Model Parameter Reference
LYo ri = -35004-2.013*T This work
Lo7i = 10517-12.519*T This work
LYozr = -14321+4.693*T This work
Liso.zr = -370143.648*T This work
LYz = 8902-11.873*T This work
Liquid (U, Mo, Ti, Zr), LY 7, = 33465.2-14.55%T (4]
LY 5, = 19809.4-18.07%T [4]
Ly = -4174+16.13*T [5]
L3,y = 66600-48.5%T [5]
L0y = -17400+35.6*T [5]
12,y = 81300-55*T [5]
LYo = -44366+4.194*T This work
Liyori = -26453 This work
L3ori = 9358 This work
LYozr = 119114+7.969*T This work
LYoz = 8158 This work
LYz = 10798-9.124*T This work
Bec (U. Mo, Ti. Z0), LY ;. = 23296.9-8.97*T [4]
LY 5 = 21149.0-16.93*T [4]
L% ;. =2841.6 [4]
LY,y = -18000+23.32+T [5]
LYoy = 26180-9.2*T [5]
Loy = 28370+2.2*T [5]
L3,y = 47200-25*T [5]
Lriy.zr = -20000 This work
LYo = 43508 This work
LS,z = 111808 This work
Hep (U, Mo, Ti, Zr), L% 7 = 20605 -13.967*T This work
LY, =24184.4 (4]
LY,y = 17240 [5]
Gro,zr — 2Ghef — G = -39203+9.472*T This work
Laves (Mo. Tin(zs), Gri,zr — 267 =GP = 57935 This work
LYorizr = -88402 This work
Liyorizr = -48619 This work
UsMo (U)2(Mo), Gy,mo — 2G5 — GRE° = -20000+20*T [5]
Gy,ri — 2657V = G = -59000+37.92*T [5]
Gu,zr — 2G5V =GP = 1764.57+8.304*T [4]
Gzr,zr — 3G, P = 1582.5 [4]
Delta (U, Zn)y(Ti, Zr) Grryri — 2G5 P =GP = 19992 This work
LY 4.z = -6629.3+20.22*T [4]
LY 7.z = 710.1-17.62%T [4]
LY zri = 195699 This work
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Figure 2. Model predicted Mo-Ti-Zr isothermal sections at (a) 600°C and (b) 750°C in comparison with
experimental measurements from Prokoshkin and Zakharova [3].

3. RESULTS
3.1 Mo-Ti-Zr

Based on the previous assessment of the Mo-Ti-Zr ternary system performed in FY'17, a new
thermodynamic description of the Mo-Ti-Zr system has been developed in FY 18 using the newly
calculated DFT data for the Laves phase as shown in Figure 1. The most significant improvement is the
adoption of a new (Mo, Ti),(Zr); two-sublattice model for the Laves phase. Figure 2 shows the isothermal
sections of the Mo-Ti-Zr ternary system at 600°C and 750°C calculated using the new description. The
green lines are tie-lines and the red triangles indicate three-phase equilibrium. At both temperatures, the
calculated bce single-phase region is in excellent agreement with the experimental data from Prokoshkin
and Zakharova [3]. For the Mo-Ti-Zr system, no ternary interaction parameter needs to be used.

3.2 U-Ti-Zr

Phase diagrams for U-Ti-Zr system has been experimentally measured by Howlett [7] using x-ray
diffraction and optical microscopy techniques. Since both delta-U,Ti and delta-UZr, compounds in this
system have the Biln,-type crystal structure, they are treated as one phase by a (U,Zr)y(Ti,Zr);
two-sublattice model. For this system, a ternary interaction parameter (Lz; y z = -20000 J/mol) for the
bce phase needs to be introduced in order to reproduce the experiments from Howlett [7]. As shown in
Figure 3, the calculated U-Ti-Zr phase diagram is in overall good agreement with experimental data. At
800°C, the maximum solubility of Zr in U,Ti is predicted to be 0.017, which agrees with the experimental
value (0.02 [7]). At a lower temperature of 700°C, the solubility of Zr in U,Ti is predicted to increase to
0.048. Again, the predicted value is in agreement with the experimental value of 0.04 from Howlett [7].

3.3 U-Mo-Zr

By combining the thermodynamic parameters for Mo-Zr (from this work), U-Mo [5] and U-Zr [4] binary
systems, the isothermal sections of U-Mo-Zr ternary system at 625°C and 700°C are calculated and
compared with the experimental phase diagram from Ivanov and Bagrov [8]. As shown in Figure 4 and
Figure 5, the calculated phase diagrams are in good agreement with experiments without the need to
introduce any ternary interaction parameters. Experimentally, U shows no solubility in the Mo,Zr Laves
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phase, which justifies the neglect of U in the (Mo,Ti),(Zr)1 sub-lattice model for the Laves phase.
Interestingly, experimental phase diagram indicates the existence of a ternary UgZr;Mo compound, which

is not considered in this work due to the lack of crystal structure information for this phase. Future
experimental exploration of this ternary phase will be of interest.

Abcc, Howlett
[ bcc+U2Ti, Howlett 045

Abcc, Howlett
M becc+U2Ti, Howlett

000 005 010 015 020 025 030 035 0.40 0.45 0.50 0.00 0.05 ‘10 ‘15 020 025 030 035 040 045 0.50
A MOLE_FRACTION TI U2T| A MOLE_FRACTION TI U2T|

(@) (b)

Figure 3. Model predicted U-Ti-Zr isothermal sections at (a) 700°C and (b) 800°C in comparison with
experimental measurements from Howlett [7].
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Figure 4. U-Mo-Zr isothermal section at 625°C from (a) experiments [8] and (b) present modeling.
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Figure 5. U-Mo-Zr isothermal section at 700°C from (a) experiments [8] and (b) present modeling.
3.4 U-Mo-Ti

No experimental measurement of the U-Mo-Ti system is available in the literature. Its isothermal sections
at 600°C and 700°C are calculated in this work and the results are shown in Figure 6.

0.0 0.1 02 0.3” 04 0.5 1)6 7347 0:8’7 (;9 1.0 00 0.1 0.2 V 0:3 70:4 04; 06 0:7 0.8 0‘.94 i.O
A MOLE_FRACTION MO A MOLE_FRACTION MO

Figure 6. Model predicted U-Mo-Ti isothermal sections at (a) 600°C and (b) 700°C.

3.5 Computational Screening of U-Mo-Ti-Zr Fuel Alloys

Using the present thermodynamic database, one can perform high-throughput computational screening of
a large number of U-Mo-Ti-Zr fuel alloys and suggest promising fuel alloy compositions for experimental
fabrication and in-reactor performance testing. Figure 7 shows an example virtual heat treatment of a
UgMo, sTi,.57r5 (at.%) alloy, in which the equilibrium phase fractions are plotted as a function of
temperature. The bcc decomposition (or onset) temperature, defined as the lowest temperature for a
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single-phase bcc microstructure to be thermodynamically stable, is 953 K for UgpyMo, sTi, 5715, which is
much lower than that for pure U (1049 K). The solidus temperature for UgyMo, sT1, 5Zrs, which indicates
the initiation of melting, is 1436 K. For comparison, the melting temperature of pure U is 1408 K.
Figure 8 further shows the calculation results for a large number of U-Mo-Ti-Zr alloys with different
additive compositions and amounts (x=0.05, 0.10, 0.15). Overall, Mo;Ti,Zr, appears to be one optimal
additive composition as its addition to U can significantly stabilize the bce structure against phase
separation and at the same time considerably increase its melting temperature.
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Figure 7. Model predicted equilibrium phase fractions for UsgMo0, 5Ti, sZr5 vs. temperature.
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Figure 8. Prediction of the bee onset temperatures and melting temperatures of U-xM pseudo binary fuels
where M is a Mo-Ti-Zr alloy and x=0, 0.05, 0.10, and 0.15.
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4. CONCLUSION

During FY18, a high fidelity thermodynamic database for the U-Mo-Ti-Zr quaternary system has been
developed using the CALPHAD approach to assist the design of new pseudo-binary U-xM fuel alloy,
where M is a becc Mo-Ti-Zr alloy and x is its amount. The calculated phase diagrams for Mo-Ti-Zr,
U-Ti-Zr and U-Mo-Zr ternary systems are all in good agreement with existing experimental data.
Extensive DFT calculations have been performed to overcome the scarcity of thermodynamic
measurements for these alloys, which is presumably due to experimental difficulties associated with the
radioactivity of U, the high melting point of Mo, and the high reactivity of Zr with oxygen at high
temperatures. The present thermodynamic database has been employed to predict the melting
temperatures and bcc decomposition temperatures of a large number of U-Mo-Ti-Zr fuel alloy
compositions, and the results can be valuable for the design of advanced metallic fuels for next-generation
nuclear reactors. In future studies, incorporation of other bce stabilizers such as V, Nb, Ta and W into the
database would be of great interest. Since Pd is known to be beneficial in mitigating fuel-cladding
chemical interactions, its addition to the database will also be useful.
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