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Abstract

In this study, the elastic properties, structural parameters, sound velocity, and Debye tem-
perature of v-(U, Zr) were computed using ab initio molecular dynamics (AIMD) at tem-
peratures between 1000 K and 1400 K and for Zr content between 0 at.% and 100 at.%.
UZr is used as a metallic fuel for Sodium Fast Reactors (SFRs). The study of the mechan-
ical and thermal behavior of these alloys leads to a better data-informed fuel design. The
bulk modulus, shear modulus, Young’s modulus, and Poisson’s ratio were calculated from
the elastic constants and their dependence on Zr content and temperature was investigated,
comparing the results with previous computational work and the available experimental data
in the literature. Interfacial properties between UZr (up to 32 at.% which typically exists
in nuclear fuel) and liquid sodium are also of interest due to the presence of a sodium bond
between the fuel and the cladding in metallic nuclear fuel. The interfacial energy between
v-(U, Zr) and liquid sodium, the surface tension of liquid sodium, and the work of adhesion
were computed at different temperatures and Zr concentrations. It was demonstrated that
~v-(U, Zr) is completely wetted by liquid sodium at all the investigated temperatures and Zr
concentrations. This work provides the basis for the determination of interfacial resistances
in SFRs and their implementation into heat transfer fuel performance simulations, which

will be the subject of future work.

1. Introduction

Uranium alloys are an ideal fuel candidate for sodium-cooled fast reactors (SFRs). Ura-
nium metal (U) is alloyed with zirconium (Zr) to increase the melting point and to stabilize
the high temperature body-centered cubic (bcc) phase which improves the irradiation per-
formance of the alloy. The high fissile material density in UZr alloys enables the operation

of SFRs at relatively higher power density than traditional light water reactors (LWRs). For
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this purpose a bond sodium is added between the metallic fuel and the steel-based cladding
to enhance the heat transfer properties.

The high temperature phases of uranium and zirconium (yU and SZr) have a bee struc-
ture. The vU phase is the stable phase of uranium between 1045 K up to its melting point
of 1407 K [1, 2] while SZr phase is between 1140 K up to Zr melting point of 2125 K [3].
Due to the similarity of the crystal structure of the high temperature phases of the two
metals, U forms substitutional alloys with Zr, which is referred to as v-(U,Zr). Zr is also
compatible with the steel cladding used in SFRs. U-10Zr (10 weight percent) is the standard
alloy composition when metallic fuel is considered for SFRs. However, due to constituent
redistribution during irradiation in the reactor, the fuel composition varies radially produc-
ing regions of depleted zirconium as low as 2 wt.% and regions with enriched zirconium as
high as 15 wt.% [4].

The limited experimental data on the v-(U, Zr) phase has motivated a number of funda-
mental computational investigations of its thermophysical properties. Several studies inves-
tigated the elastic constants of YU at 0 K using Density Functional Theory (DFT). Taylor
[5] investigated «, v, and face-centered cubic uranium and determined the equilibrium lat-
tice parameters and elastic constants for the three structures. Taylor showed that C;s was
greater than Cy; in the v phase, which leads to a negative shear constant C = (Cq1 - C12)/2,
indicating the instability of the ~ phase of uranium at 0 K [6]. Shang et al. [7] used the
PW91 Generalized Gradient Approximation (GGA) to calculate, among other properties,
the lattice parameters, bulk modulus, and elastic constants of « phase of uranium (in addi-
tion to numerous other elements) at 0 K and their results showed a negative shear constant
as well. Several computational studies were performed on Zr using DFT with different
exchange correlations [8, 9, 10, 11]. Similar to yU, the instability of this phase at 0 K was
confirmed.

The low temperature mechanical instabilities yield unrealistic values of the shear modulus
and makes the calculation of the Debye temperature and the sound velocities unfeasible. The
sound velocities are of interest as they can be incorporated into the acoustic mismatch theory
[12, 13] and used in the computation of the interfacial thermal conductance between UZr
alloys and the bond material [14]. Knowledge of such interfacial conductance is utilized in
fuel performance and thermal transport software. The instability of the yU phase at 0 K
and the resultant imaginary sound velocities emphasize the importance of applying ab initio
molecular dynamics (AIMD) to obtain the UZr properties. The scarcity of experimental
data on UZr and the fact that most of these experiments are on un-irradiated U-10Zr alloys
primarily before ~1970 advocates the importance of the computational work on UZr alloys

to provide data on data-sparse regions that need to be further investigated experimentally,
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in particular the determination of elastic properties [15].

There is no previous work in the literature that investigated the interfacial contact prop-
erties between UZr alloys and liquid sodium. Aly et al. [16] used AIMD to investigate the
surface energy of v-(U, Zr) for temperatures between 1000 K and 1400 K and Zr concentra-
tions from 0 at.% to 100 at.%. Beeler et al. [17] used classical molecular dynamics (CMD)
to investigate the surface energy for the same range of temperatures and compositions. The
only available work in the literature that investigated the contact between the uranium metal
and the liquid sodium was done by Taylor and Ford [18] in 1955. They used the sessile drop
technique to evaluate the contact angle between liquid sodium and several metals and ce-
ramics including uranium and uranium dioxide (UO;) for temperatures up to 825 K. The
presence of bonding sodium in contact with the surface of the UZr fuel pins motivated the
study of the contact properties between the two metals. At the time of Taylor and Ford,
there was not any data available computationally or experimentally for the surface energy
of v-(U, Zr) which made the calculation of the work of adhesion not possible from a simple
contact angle relationship.

In this work, AIMD was used to determine the bulk modulus, shear modulus, Young’s
modulus, Poisson’s ratio, sound velocity, and Debye temperature for v-(U, Zr) between 0
wt.% and 15 wt.% along with metallic 5Zr for temperatures between 1000 K and 1400 K. The
results are compared to the available experimental data and/or previous computational work
when available. This study is the first work, to our knowledge, to computationally explore
the elastic properties of 7-(U, Zr) and the interfacial properties between liquid sodium and
~v-(U, Zr) with ab initio methods. Additionally, the surface tension of liquid sodium and the
interfacial energy between UZr alloys and liquid sodium were investigated in this work for
temperatures between 1000 K and 1400 K. From the results of Aly et al. [16] and the results

generated in this work, the work of adhesion and the contact angle were evaluated.

2. Computational details

The Vienna ab initio Simulation Package (VASP) was utilized for all the performed calcu-
lations [19, 20]. The Projector augmented wave (PAW) method was utilized within the DFT
framework [21]. The calculations were performed using the Perdew-Burke-Ernzerhof (PBE)
GGA density functional implementation for the description of the exchange-correlation [22].
For uranium, a PAW pseudopotential with fourteen valence electrons and a core represented
by [Xe,5d,4f] was utilized. For zirconium, the pseudopotential contained twelve valence elec-
trons while the core was defined by [Ar,4d]. The supercell size was 4x4x4 bee structured unit
cells. A gamma-centered Monkhorst-Pack [23] 1x1x1 k-point mesh was used for Brillouin

zone sampling. Uranium is assumed to be non-magnetic, in accordance with experiments
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and previous simulations [24], hence, the calculations are non-spin polarized. The energy
cutoff was taken to be 300 eV, which is approximately 50 eV higher than the maximum sug-
gested energy cutoff from the pseudopotential of uranium. The electronic self-consistent loop
convergence criterion is taken to be 107*. The Nosé-Hoover thermostat is used to control
the system temperature. The SMASS parameter which controls the velocities during AIMD
calculations was zero which means that a Nosé-mass corresponding to a period of 40 time
steps will be chosen. The timestep was taken to be 2.0 fs. The Hubbard U parameter is not
utilized in this work, as it has been shown that it is not necessary for the accurate description
of metallic uranium [5, 6, 25]. For the purpose of this paper, spin-orbit coupling (SOC) is
not considered for the analysis of the UZr alloys. Generally, SOC should not be neglected for
actinides, but proper implementation of SOC should be investigated and established prior
to its full utilization [26].

The simulations were performed for a temperature range between 1000 K and 1400 K.
The Zr concentration ranged between 0 at.% to 100 at.%. The alloy compositions in be-
tween these values were generated by substituting a specified number of uranium atoms with
Zr atoms at random locations within the lattice. This was confirmed by checking the pair
distribution function of the generated atomic configuration using OVITO V.3.3.4 [27]. The
simulations were performed using three unique random UZr configurations for each compo-
sition to gain statistical significance of the results and ensure that the results obtained were

not configuration-dependant.

2.1. Calculation of Interfacial Energies

The calculations of the interfacial energies between the sodium coolant and the UZr
system were performed in two steps: (1) calculations involving only either liquid sodium or
bulk UZr; (2) calculations involving a system with bulk UZr alloy in contact with liquid
sodium.

In step one, the properties of sodium were investigated for a system of 686 atoms con-
sisting of 7x7x7 bcc unit cells. A single gamma point sampling was used to model the
Brillouin zone. Initially, the lattice parameter of the bee sodium at 293 K was determined
by performing five NVT simulations at various values of lattice parameters. The system
pressure is obtained at each case and the equilibrium lattice parameter is determined as
the lattice parameter at which the average pressure of the system is zero. The obtained
lattice parameter for bee sodium at room temperature was 4.28 A. This value is consistent
with the known lattice parameter of sodium at room temperature of 4.29 A [28, 29]. The
production simulations began with a 10 ps relaxation at 293 K where an ideal bce sodium

is allowed to thermalize at room temperature. The approach followed afterwards is the melt
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and quench approach. In this technique, the sodium temperature is increased to a theoreti-
cal temperature of 4000 K. The system is simulated at this temperature for 15 ps which is
sufficient to ensure the breaking of all the bonds between the solid sodium atoms, turning
it to a liquid [30]. The temperature is then decreased in increments of 500 K and the sys-
tem is equilibrated for a period of 10 ps at each temperature to ensure the removal of any
effect of the previous temperature. The system pressure and energy were examined after
each stage to ensure that the system had reached a stable behavior before advancing to the
next temperature. The process continued until the system reaches the investigated working
temperatures between 1000 K and 1400 K where the system is further equilibrated for 10
ps. Finally the systems were simulated in an NPT ensemble allowing the system volume to
change to equilibrate the system pressure to zero. Once the average pressure is stabilized
around zero, the system volume is measured over the course of 10 ps to obtain an average
system volume from which the liquid sodium density was calculated, as well as the sodium
energy per atom at the temperature range of interest.

The equilibrium volume of v-(U, Zr) was previously determined [16] and a system con-
taining only the solid UZr was simulated in an NV'T ensemble at the equilibrium volumes
for different temperatures and concentrations of Zr. The purpose of these simulations was
to determine the energy of the bulk UZr system. The simulations were evolved for 10 ps,
where the first 5 ps served to equilibrate the system, and the second 5 ps were utilized to
determine the system energy. During the simulations, the pressure was monitored to ensure
that the system is stable at the prescribed equilibrium volumes.

The second step of the simulation involved a combination of two phases of equal volume in
contact with each other. The first phase is the UZr solid system with atomic concentrations
between 0 at.% and 32 at.% Zr, and the second phase is a configuration of liquid sodium.
Based on the liquid sodium density determined in the first phase, the number of liquid sodium
atoms that can fill the volume designated for the coolant was determined to be between 50
to 58 atoms for temperatures between 1000 K to 1400 K, respectively. A second set of
sodium-only simulations were performed in an NV'T ensemble at the prescribed two-phase
sodium volume. The purpose of this task was to generate a variety of random configurations
of sodium in the liquid phase at the temperature range of interest that can be combined
with the bulk UZr, ensuring no effects of the initial sodium structure. Subsequently, the
two-phase supercells were constructed.

The UZr/Na system is equilibrated in an NPT ensemble for 4 ps to ensure that the sys-
tem is equilibrated and the pressure is averaged to zero before performing the production
simulations. After equilibrating the UZr/Na systems, simulations were evolved for 15 ps in

an NPT ensemble to ensure that the energy of the system is stable and oscillating around
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an average value. The last 5 ps of these simulations are used to obtain an average potential
energy value of the UZr/Na system. The interfacial energy per unit area between the UZr

metal fuel and the sodium coolant is determined using the following equation:

E(UZr/Na)— E(UZr) — E(Na)
2Alnterface

(1)

E]nterface =

where E(UZr) is the energy of the solid UZr bulk, E(Na) is energy of the liquid sodium
bulk, E(UZr/Na) is the energy of the combined two-phase system, and Ap,ier face is the area
of the interface. Due to the simulation geometry, two identical interfaces are generated.

To calculate the surface tension (vyy,) of liquid sodium, a supercell containing 686 sodium
atoms was thermalized to obtain seven random liquid sodium configurations at each temper-
ature of interest using the melt and quench technique. The size of the supercell was chosen
based on the calculated sodium density as a function of temperature. The production simu-
lations were based on systems of size LxLxL to obtain the bulk sodium energy. Afterwards,
a surface is added by modeling a system of size LxLx2L in which sodium comes in contact
with a vacuum region as shown in figure 1. The surface tension of liquid sodium (yy,) is
calculated from equation 2 .

e = T x N )

where E* and E are the energy per atom with a surface and the bulk sodium energy, respec-

tively, N is the number of atoms in the system, A is the surface area, and there exist two
surfaces in the system due to periodic boundaries, hence the division by 2.
The work of adhesion (W) is calculated from the Dupré equation [31] which can be

expressed for solids in contact with a liquid on the form of equation 3.

WSL = Yzr + YNa — Elnterface (3)

where vy z, is the surface energy of UZr [16].
The contact angle (#) between a solid and a liquid can be calculated from the Young-

Dupré equation [31] which can be written as follows
Wsr = Yna(cosh + 1) (4)

From equations 3 and 4, the condition for which complete spreading of the liquid on a solid

surface i.e (cosf > 1) can be expressed as

YNa + EInterface — Yuzr S 0 (5)
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Figure 1: Random structure of liquid sodium of a system containing 686 atoms with dimensions LxLx2L
used in calculating the surface energy at 1000 K.

2.2. Calculation of Elastic Properties
The Voight-Reuss-Hill [32] scheme was used to determine the bulk and shear effective

moduli for a polycrystalline system as the arithmetic mean of the two bounds for mono-
crystals according to Voigt [33] and Reuss and Agnew [34]. This approach was used in a
number of diverse studies to determine these properties [35, 36, 37]. As previously explained,
the equilibrated system at zero pressure was simulated. The next step was to apply a small
strain of 1.0 % to determine the elastic constants of UZr (C;;).

The production simulations involved three random UZr configurations with ten initial
velocity distributions for each configuration leading to a total of thirty production simulations
at each temperature and Zr concentration to ensure statistical significance of the obtained
results. The elongation stresses and elastic constants for longitudinal expansion (Cy;, Coe and
Cs3), the transverse expansion elastic constants (Cia, Cy3 and Cgp), and the shear moduli
(Cy4, Css, and Cgg) are all of interest in this work. Because of the symmetry of the bee
structure of UZr, the problem reduces as Ci1, Cyy and Cs3 are equal, and Ciy, Cy3 and Cs;
are equal, and Cyy, Cs5 and Cgg are equal, yielding only three independent elastic constants.

The elastic constants are obtained by solving linear stresses versus strain equations. From
these constants, the bulk modulus (B), shear modulus (G), Young’s modulus (E), and Pois-

son’s ratio (v) [35] are obtained from the following set of equations:
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B = $(3C1 +60x) (6)

1.0 —Cia+3Cu 5C44(Cy1 — Cha)
G=- 7
5 5 T 1 1 3(Cn =) 0
9BG
- 3B+G (®)
3B—-F
V= B (9)

The longitudinal and transverse sound velocities [38] were computed from the following

3B + 4G\
— (=7 1
Y ( 3p ) (10)

()"

where v; and v, are the longitudinal and transverse sound velocities in an isotropic material,

equations:

respectively. The mean sound velocity [38] can be calculated by:

1/2 1\
Um:§<_3+_3) (12)

vy

The Debye temperature (fp) [38] can be estimated from the mean sound velocity as follows:

h 3 1/3
_ |
o= %, Lmvj vm (13)

The error of the mean in the properties computed in this work were computed and
propagated through the equations to obtain the uncertainty level in the computed data
properties. The estimation of the error began by computing the mean error of the elastic

constants, as determined from equation 14

SD
SE = —
VN

where SE and SD is the standard error and standard deviation, respectively. N is the

(14)

number of simulations performed to obtain the mean value of the elastic constants. The
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errors are then propagated through the equations based on equations 15, 16 and 17 for

addition /subtraction, multiplication/division, and powers, respectively [39]:
0Q = +/(0a)? + (6b)? (15)

in the case where () = a + b,

0Q _ [((6a)\* [ (ob)*
al - ¢ () + () 1o
in the case where QQ = a x b, and

n— (17)

in the case where Q = x".

3. Results and discussion

3.1. Interfacial energy between solid UZr and liquid Na

The sodium density was calculated as a function of temperature. The results are plotted
in figure 2 and compared to the experimental data reported in Leibowitz et al. [40, 41]. The
obtained results are slightly over-predicted relative to the experimental data. Nevertheless,
the error in our data contains the experimental values. It should be noted as well that the
points on the experimental data curve for 1300 K and 1400 K are extrapolated from the
reported experimental data for comparison purposes. Due to the good agreement of the
density of sodium predicted from AIMD with experimental results, the computed densities
were used to construct a bulk sample of liquid sodium that was connected to the UZr bulk

to calculate the interfacial energies.



222

223

224

225

226

227

228

229

231

232

233

234

235

236

—e—  Sodium density (exp) -4- Sodium density (AIMD)
800

775

750

T

Density (kg/m°)
<
N
W

700 -

675

650 ‘ ‘ : ‘ ‘
900 1000 1100 1200 1300 1400 1500
Temperature (K)

Figure 2: Sodium density from experimental data [40] [41] and the predictions from AIMD calculations.

The surface tension of liquid sodium vy, was evaluated from the computational data using
equation 2. The value of surface tension is found to be almost constant (~ 182 mN/m + 8
mN/m) with temperature in the range between 1000 K and 1400. This value is comparable
to the value of surface tension determined experimentally for liquid sodium at temperature
around its melting point of 371 K which was 194 mN/m [42]. However, the computed value
is over-predicted when compared to the value expected based on the analysis of Goldman [43]
of the available experimental data and their fitting to the Van der Waals equation [44] which
was 132 mN/m. This over-prediction might be due to the small size of simulated system of
686, or the usage of a single I" point in this work [45], however, such approximations have
been sufficient for prior liquid system analyses [46, 47, 48]. Additional increases in system
size or increase in density of k points will likely lead to excessive computational expenses
rendering this type of work unfeasible. The surface tension of sodium is relatively lower than
most of other liquid metals at their melting temperature [49] with the exception of cesium (68
mN/m), rubidium (81 mN/m), and potassium (110 mN/m) which makes sodium wetting

solid surfaces much easier than mercury, which has a surface tension value of 500 mN/m.
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Figure 3 depicts the contact and interface between the two systems for a U-10Zr system at
1000 K as a representation of how our systems are constructed for various Zr concentrations
and temperatures. It should be emphasized that all boundaries are periodic, and thus there
is one interface in the center of the supercell, and a second interface on the top/bottom of
the supercell in Figure 3. Figure 4 depicts the predicted interfacial energies for UZr-Na as a
function of Zr concentration up to 32 at.% Zr. It can be noticed that the interfacial energy
slightly decreases with the increase of the Zr content but remains within the range of 1 to
1.3 J/m?. The error in the mean values of the interfacial energies falls between 0.02 to 0.035
J/m?. An increase in temperature leads to a corresponding increase in the interfacial energy.
This is consistent with the increase in surface energy observed for the UZr surfaces without
sodium [16]. It should be mentioned that the surface energy of v-(U, Zr) decreases with the
increase of Zr content. This change is steeper at higher temperature and more gradual as

the temperature decreases farther away from the solidus temperature of the alloy [16].

Figure 3: Schematic of the +-(U,10Zr) interface with liquid sodium, the red, green and purple spheres
represents uranium, zirconium and sodium atoms respectively.
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Figure 4: The interfacial energy between UZr and sodium as a function of Zr content between 1000 K and
1400 K .

The work of adhesion was calculated from equation 3 and is plotted in figure 5. It can be
noticed that the work of adhesion values for low Zr content systems do not vary drastically
with temperature below 1300 K, but there is a rapid change going to 1400 K. This behavior
follows that of the surface energy of 7-(U, Zr) which, at low Zr concentrations, has a rapid
change in the surface energy above 1300 K which might be attributed to the closeness of
temperature above this value to the solidus temperature of the alloy. With the increase of
the Zr content, the melting temperature increases and the variation of the surface energy
with temperature decreases, which is what is noticed in figure 5 for the work of adhesion as
well. It should also be mentioned that the difference between the computed sodium surface
tension and the experimental values, 0.05 J/m?, has a maximum effect on the computed
work of adhesion of about 8% for metallic U at 1000 k which in close to the uncertainty limit
of the predicted work of adhesion which lies between 0.03 and 0.04 J/m?.

The contact angle (0) between ~-(U, Zr) and liquid sodium was investigated by first

checking the complete wettability condition using equation 5. The condition Yy +Ernter face—

12
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Figure 5: The work of adhesion of v-(U, Zr) as a function of temperature and Zr concentration.

Yuz- was met for all concentrations of Zr at all temperatures. Since a complete spread of the
sodium on 7-(U, Zr) was expected, there was no need to compute the contact angle using
equation 4 since it will give a value of cos(f) > 1 which is meaningless. The relatively low
surface tension of sodium makes its wetting of solid surfaces much easier. This is a great
characteristic that enhances the heat transfer when sodium is used as a bonding material or
a coolant in metallic fueled SFRs. This result follows the trend of the data from Taylor and
Ford [18] where they noticed a steep decrease in the contact angle between liquid sodium
and uranium for temperatures above 600 K. The contact angle decreased linearly from 50°
at 773 K to 32° at 823 K which indicates, if extrapolated, that the contact angle reaches
zero directly below 1000 K.

This is the first computational work performed to investigate the interfacial characteristics
between v-(U, Zr) and sodium. The only experimental work in the literature was performed
to compute the contact angle between sodium and various metals including uranium in 1955
[18] using the sessile drop technique. Hodkin et al. [50] used the same technique to determine
the interfacial free energy of UC to be 0.73 J/m? and the interfacial energy for solid U-UC

13
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system to be 0.141 J/m?. Hu et al. [51] used molecular dynamics to determine the surface
energy between solid/liquid U to be 0.077 J/m?. The interfacial energy predicted in this
work for U-10Zr at 1000 K was about 1 J/m?. There were no data of UZr alloys in contact
with a different liquid metal to compare our results to them. No experimental work can be

directly compared to the present research.

3.2. Structural parameters and elastic constant of ~v-(U, Zr)

The optimized lattice parameters of v-(U, Zr) are summarized in table A.1 as a function
of temperature and Zr content and the elastic constants are summarized in table A.2 in
Appendix A. For illustration purposes the elastic constants Cqq, Cy9, and Cyy are plotted in
figure 6 for YU, U-10Zr, and SZr as a function of temperature. In figure 6 we can notice that
Cq1 is always greater than Ci, for the pure metals and the U-10Zr alloys. Previous work
performed at 0 K for vU has predicted negative shear constants, C' = (C;1-Ci3)/2, which
indicated the instability of the v phase at 0 K [6, 2]. This made the determination of some
of the mechanical properties mentioned in their work not possible. As evidenced in table
A.2 and figure 6, shear constants are positive in this work which emphasizes the advantage
of using AIMD in the determination of the elastic properties of v-(U, Zr) at temperatures
higher than 0 K, specifically, at the practical temperatures in which this phase exists between
1045 K to 1480 K (depending on the concentration of Zr). The error of the mean of the
elastic constants varies between 2 and 3.5 GPa for low Zr content and decreases with the
increase of the Zr content to values between 1 and 2.5 GPa for SZr.

The elastic constants obtained in this work were compared to some of the data available
in the literature for yU. The Cy; values obtained for YU (&~ 115 GPa) in this work are
comparable to previous computational work using MD by Moore et al. [52] where they
predicted a value of 111 GPa. The Cyy values (= 50 GPa) are comparable to the results
obtained by Moore et al. [53] using MD and Li et al. [54] using 0 K DFT. However, when the
Cio values (= 97 GPa) are compared to results using DFT, the values don’t compare because
of the negative shear modulus and the high values of Ci5 predicted at 0 K. The results for
C11 (= 83.5 GPa) for fZr are consistent with the computational results from Ikehata et al.
[10] (84.2 GPa) and Wang et al. [8] (86.6 GPa) using DFT. For UZr systems, there was no
computational work available for comparison. Additionally, there is no experimental work
available for comparison of the elastic constants.

The bulk modulus is determined using equation 6 for v-(U, Zr) and is plotted in figure 7.
Error bars are only included at 1200 K for readability of figure 7. The results for yU (= 105
GPa) are slightly under-predicted but generally consistent with the bulk modulus determined
by Yoo et al. [55] (113 GPa) who fitted a temperature-independent equation of state (which
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Figure 6: C;; as a function of temperature for yU(red circles), U-10Zr (black crosses), and BZr (blue
diamonds).

is the only available experimental data for comparison). The bulk modulus values for SZr
(~ 76.5 GPa) are slightly over-predicted when compared to the values obtained by Zhao et
al. [56] (66 GPa at 975 K). However, the lattice parameter obtained by their study at 975
K was 3.627 A, which is higher than the value used in this work at 1000 K (3.61 A). The
bulk modulus generally softens with increasing temperature, as is expected. The results are
under-predicted when compared with previous calculations of the bulk modulus [16] through

a different method, but still within the uncertainty limits of the predicted values.
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Figure 7: The bulk Modulus of UZr as a function of temperature and Zr concentration as predicted using
the elastic constants.

The shear and Young’s moduli are plotted in figure 8 and the Poisson’s ratio is plotted
in figure 9. Error bars are only included at 1200 K for readability of the figures. There is
no clear pattern of temperature dependency of the mentioned elastic properties. The error
of the mean for the shear modulus is about 4 GPa and that for Young’s modulus is about
10 GPa as shown in figure 8 for the data at 1200 K. It can be noticed how the error bars at
1200 K overlap with the rest of the data points. Within these uncertainty limits, the data
seems to oscillate without either a clear increase or decrease with temperature which does
not make the resolving of a temperature dependence pattern possible. As for the Zr content,
both moduli increase as a function of Zr content up to ~ 40 at.% then seems to decrease
almost linearly down to 22 GPa and 62 GPa for the shear modulus and Young’s modulus,
respectively, for fZr

For Poisson’s ratio (figure 9), the same issue related to the temperature dependence can
be observed. The error in the mean values was about 0.022 which covers the investigated
range of temperature as shown in figure 9. No clear pattern of temperature dependence can
be noticed and the level of uncertainty in the data does not make resolving the temperature
dependence possible at this level of confidence. The Poisson’s ratio seems to be decreasing

with Zr content down around 0.3 at 50 at.% then begins to increase to ~ 0.36 for SZr
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The obtained results were compared to the shear and Young’s moduli experimental data
obtained from Armstrong et al. for vU [57]. They measured a Young’s modulus value of
24 GPa at 1100 K. They did not report the shear modulus for yU. However, they included
experimental data point from Holden [58] where the shear modulus was measured to be
about 14 GPa at 1075 K which is close to our predicted value at 1000 K of 21 GPa.

Keene et al. [59] determined the dynamic Young’s modulus, shear modulus, and Poisson’s
ratio as a function of temperature for depleted uranium alloyed with 0.75 wt.% titanium.
Their measured value of Young’s modulus for YU was between 99.7 and 99 GPa for tempera-
tures between 1000 K and 1125 K, respectively. The Young’s modulus computed in this work
for the same temperature range varied between 62 GPa and 75 GPa which is under-predicted
relative to their data. However, an aspect of the intent of alloying with Ti is to improve
the mechanical properties of metallic U. The measured shear modulus and the calculated
Poisson’s ratio in the same temperature range were 35 GPa and 0.41, respectively, which are
close to our predictions for vU, at the same temperature range, of 27 GPa and 0.4. There

were no experimental data available for SZr to compare with our results.
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Figure 8: The shear modulus (solid markers) and Young’s modulus (Hollow markers) of UZr as a function
of temperature and Zr concentration as predicted using the elastic constants.
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Figure 9: Poisson’s ratio of UZr as a function of temperature and Zr concentration.

3.8. Sound velocity & Debye temperature

The longitudinal, transverse, and mean sound velocity in UZr alloys were determined
from equations 10 through 12. The sound velocity in UZr showed a weak dependence on the
temperature. The sound velocity increased about 100 m/s between 1000 K and 1400 K. The
error of the mean in the computed data varied between 80 m/s and 120 m/s. The speed of
sound increased with the Zr content on the alloy and can be assumed to be a function of Zr
content only.

The temperature-independent longitudinal, transverse, and mean sound velocity are plot-
ted in figure 10 as a function of Zr content. The figure illustrates the increasing trend of the
sound velocity with zirconium content. It can be noticed that the mean sound velocity is
closer to the transverse velocity than the longitudinal one, which is expected as there are two
transverse propagation directions compared to the single longitudinal directional component.

The sound velocity was fitted to the following equations and are plotted in figure 10 as

well.

Vi(Zr) = 1.506 2 Zr® — 0.0828Zr2 + 7.927r + 2691 (18)

Vi(Zr) = 9.974Zr* — 0.172r* + 14.778 Zr + 1110 (19)
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Vin(Zr) = 11173293 — 0.1852r% + 16.054Zr + 1257 (20)

The Debye temperature is plotted in figure 11 where it can be noticed as the Zr content
increases, so does the Debye temperature. The Debye temperature does not strongly vary
with the temperature, and the reported data has an error margin between 9 and 14 K,
as can be noticed in figure 11 for 1200 K. Error bars are only included at 1200 K for
readability of figure 11. Thus, the temperature dependence of the Debye temperature cannot
be established. Due to the small variation with temperature, it can be assumed that the
Debye temperature is temperature-independent in this temperature range and varies between
130 K and 225 K for vU and SZr, respectively.
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Figure 10: The temperature-averaged longitudinal, transverse and mean Sound velocity as function of Zr
content.
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Figure 11: The Debye temperature as a function of temperature and Zr content

4. Conclusions

In this work, AIMD was used to determine the interfacial energy between v-(U, Zr) and
liquid sodium with Zr concentrations up to 32 at.%. Elastic constants, structural properties,
sound velocity, and the Debye temperature of y-(U, Zr) were computed for the alloys between
0 at.% and 100 at.% Zr. The interfacial energy between UZr and liquid sodium was found
to decrease with Zr content up to 25 at.% Zr, after which, there was no noticeable decrease
in the interfacial energy with Zr content. The interfacial energy tends to increase with
temperature but this increase slows down for temperatures between 1200 K and 1400 K,
which might be related to the vicinity of these temperatures to the melting point of UZr
alloys. The surface tension of sodium was computed in this work, however the obtained
value of 185 mN/m is over-predicting the experimental data by ~ 50 mN/m. Nevertheless,
the relatively low surface tension of liquid sodium makes any errors from the computation
data insignificant when used to compute the work of adhesion.

The work of adhesion was computed from the surface energy of v-(U, Zr), the surface
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tension of sodium, and the interfacial energy between UZr and the liquid sodium. The
obtained results follow the same pattern of v-(U, Zr) surface energy in which the temperature
dependence decreases with the increase of Zr content in the alloy. It was shown that the
liquid sodium completely spreads on the surface of y-(U, Zr) which enhances the heat transfer
properties between this phase in the metallic fuel and the bonding sodium. This information
can be incorporated into mesoscale and engineering scale models which utilize surface and
interfacial energies to describe phenomena such as porosity formation, fission gas bubble
swelling, and wetting.

The elastic constants were computed for v-(U, Zr). The C;; and Cyy were comparable
to several other studies using MD or DFT at 0 K. There was no basis for comparison of
Cio since the available data at 0 K leads to negative shear constant values. The bulk
modulus was calculated based on the lattice constant data and the results are consistent
but slightly under-predicted when compared to our previous work [16] and slightly under-
predicting the only available experimental data for vU by Yoo et al. [55]. Overall, the
consistent prediction the bulk modulus in comparison of computational and experimental
data increases our confidence in the prediction of the elastic constants performed in this
work. The shear modulus and Poisson’s ratio of v(U,Zr) were determined as well from the
lattice constants. The values for YU were compared to the only experimental data sets
that were available. They were compared also to another data set for depleted yU alloyed
with titanium. Due to the scarcity of experimental data on metallic fuel, it is important
to perform modernly designed experiments to provide data for validation of computational
work and computational codes.

The predicted sound velocity in v(U,Zr) tends to increase with Zr content. The decrease
of bulk modulus should lead to an increase in the sound velocity, however, the decrease in
the alloy density with Zr content has an inverse and competing effect on the sound velocity.
The results of our calculations show that the change in density has an overall dominant effect
leading to an overall increasing trend of the sound velocity with Zr content. The predicted
sound velocity showed a weak temperature dependence in this temperature range. The Debye
temperatures, which are calculated from the sound velocity data, showed similar behavior
to the sound velocity, as expected. This information can be incorporated into mesoscale and
engineering scale models which investigate the mechanical properties of v(U,Zr) and thermal

transport across the UZr-sodium bond through acoustic mismatch theory.
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Appendix A. Tabulated data

Table A.1: The equilibrium lattice parameter of v-(U, Zr) between 1000 K and 1400 K.
At.% Zr 1000 K 1100 K 1200 K 1300 K 1400 K
0 3.490 3.495 3.500 3.505 3.510
7.0 3.503 3.508 3.512 3.517 3.521
14.0 3.515 3.519 3.523 3.528 3.532
18.8 3.523 3.527 3.531 3.535 3.540
22.7 3.528 3.533 3.537 3.540 3.544
26.6 3.534 3.538 3.542 3.546 3.550
32.0 3.542 3.546 3.549 3.553 3.557
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Table A.2: Elastic constants of v-(U, Zr) as a function of temperature.

0 at.% Zr Cu1 Cia Cyu 22.6 at.% Zr Cu1 Ci2 Cu
1000 K 110.86 102.13 53.74 1000 K 106.79 75.78 54.57
1100 K 117.90 99.04 53.24 1100 K 106.65 75.69 49.41
1200 K 119.08 96.99 52.47 1200 K 103.57 75.15 47.51
1300 K 116.03 97.54 46.54 1300 K 103.99 70.64 45.06
1400 K 111.36  93.62 43.58 1400 K 99.56 71.33 44.09

7.0 at.% Zr Ci1 Cia Cya 26.6 at.% Zr Ci1 Cia Cys
1000 K 105.50 92.23 47.37 1000 K 116.40 76.65 48.54
1100 K 111.12  94.16  50.05 1100 K 111.08 77.45 50.19
1200 K 104.72  88.27  46.49 1200 K 115.56 77.24 48.41
1300 K 111.34 88.42 49.54 1300 K 110.42 76.08 48.74
1400 K 100.17 84.14 40.86 1400 K 106.18 75.13 45.19

14.0 at.% Zr Cu1 Ci2 Cyu 32.0 at.% Zr Cu1 Ci2 Cu
1000 K 104.27 89.18 55.11 1000 K 107.71 72.82 48.39
1100 K 107.43  92.93 49.78 1100 K 104.41 75.24 47.55
1200 K 103.60 86.51 48.89 1200 K 100.72  70.09 48.48
1300 K 108.84 89.83 44.01 1300 K 94.46 72.53 46.85
1400 K 98.30 85.14 45.05 1400 K 98.02 69.68 45.22

18.8 at.% Zr Ci1 Cia Cya 100.00 at.% Zr Ci11 Cia Cys
1000 K 110.52 8296 50.75 1000 K 83.78 76.14 54.50
1100 K 106.67 84.53 50.24 1100 K 83.73 T72.85 54.19
1200 K 111.28 84.73 46.91 1200 K 83.24 73.09 50.67
1300 K 100.54 80.50 44.76 1300 K 84.74 71.61 51.17
1400 K 105.87 81.76  42.85 1400 K 83.21 72.54 54.20
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