Phase Equilibria and Thermochemistry of Advanced Fuels: Modeling Burnup Behavior

Final Report
Federal Agency and U.S. Department of Energy
Organization Element Office of Nuclear Research
Award Number DE-NE0008570

Project 16-10204

Principal Investigator Theodore M. Besmann
(University of South Carolina)

Collaborators Jacob W. McMurray
(Oak Ridge National Laboratory)
Andrew T. Nelson, Joshua T. White
(Los Alamos National Laboratory)
Edward J. Lahoda, Simon C. Middleburgh, Antoine Claisse
(Westinghouse Electric Company, LLC)

Contributors Tashiema L. Ulrich
Kaitlin E. Johnson
Vancho Kocevski
Denise Adorno Lopes
Sven Vogel

Recipient Organization University of South Carolina
Sponsored Awards Management
1600 Hampton Street, Suite 414
Columbia, SC 29208

Submission Date March 31, 2020



Abstract

Achieving the goal of developing advanced fuel concepts that meet the DOE objectives of being robust,
demonstrating high performance, and are more tolerant of accident conditions than current fuel systems
will require a thorough understanding of the thermophysical and thermochemical properties of the
constituent materials. Non-oxide fuel systems are being explored under the Advanced Fuels Program that
hold significant promise for improved performance and accident tolerance, including the uranium silicide-
based system considered in the current work.

Prospective cladding materials currently considered that contribute to improved accident tolerance
include silicon carbide composites and ferritic alloys (Fe-Cr-Al base compositions). Thus, the effort
developed thermochemical models and values, supported with targeted experiments, to evaluate the
ferritic alloy and silicon carbide composite cladding systems in contrast to current zirconium alloy
cladding. The developed detailed understanding will serve to aid in relatively early screening of
candidate systems to avoid wasted effort, guide development of new fuel forms, and to provide a basis for
predicting and modeling fuel performance.

Major deliverables for the project included: Thermochemical assessment and models of phases in the U-
Si and U-Si-N systems; thermochemical evaluation supported by experimental measurements of fuel-
cladding interactions of silicide fuel with baseline zirconium, ceramic composite, and ferritic alloy
cladding; thermochemical assessment and models of phases supported by experimental measurements for
silicide fuel with key fission products provided in a dataset and reported in refereed publications.

Within the project a significantly refined U-Si phase diagram was developed and reported that now
includes homogeneity ranges for key phases, such at the UsSi, proposed fuel phase, and settles issues with
regard to uncertainty in the stability of some phases. Computational efforts together with key
experiments has determined phase formation in interactions between UsSi» and Zircaloy-4 cladding
material, a ferritic FeCrAlY alloy of interest as an advanced cladding material, and silicon carbide, also of
interest as a fiber-reinforced composite cladding. As expected, very significant reactions occur between
UsSi, and Zircaloy-4, with much less interaction at higher temperatures for the ferritic alloy, and finally
interactions with SiC only in the region of contact.

A potentially major issue is the stability of UsSi, fuel that has undergone significant burnup. The result is
the loss of the uranium metal, liberating silicon, and the formation of concomitant fission product
elements that either dissolve in the UsSi, phase or form independent, and possibly silicide phases. A
combination of experimental determinations of phase formation of UsSi, reacted with representative
fission products yttrium, gadolinium, cerium, zirconium, and molybdenum and first principles
calculations has helped understand the fuel chemistry. The behavior of the UsSi, phase and the
partitioning of silicon to possible fission product phases with burnup was thus determined, with
significant dissolution in UsSi, of cerium, gadolinium, zirconium, and plutonium predicted along with
independent phase formation of a U-Mo-Si ternary phase, yttrium silicide, and elemental selenium. It can
be concluded that at significant burnup there will be a very minor amount of the UsSi, fuel phase that will
decompose to a lower silicide or a uranium alloy as silicon preferentially forms a secondary phase.
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1. Introduction

The accident at Fukushima Dai’ichi has inspired creative approaches to replacing UOz-zirconium alloy
cladding with materials less susceptible to rapid oxidation and loss of integrity during a loss of coolant
accident (LOCA) or station blackout. There is additional interest in improving fuel performance with
higher uranium density and thermal conductivity fuels. The current Department of Energy Advanced Fuels
Program targeting accident tolerant fuels together with industry initiatives has prioritized the study of
uranium silicide and composite nitride-silicide systems [1, 2]. To complement these are alternative cladding
concepts with the leading candidates being ferritic Fe-Cr-Al alloys and SiC composite materials [3, 4].
Neutronic [5, 6] and fuel cycle analyses [7] are generally positive with regard to the use of these fuel and
cladding systems in current light water reactors (LWRS).

Industry and DOE program efforts are focused on fabrication methodologies, further experimental
assessments of compatibility among the materials, environmental stability, and irradiation testing. There
is a need therefore, to support that development with an understanding of phase equilibria and
thermochemistry of the fuel and cladding materials with respect to their long-term stability, potential for
interaction among the materials, and impact of significant generation of FPs. Hampering the assessment of
the fuel systems is the lack of critical phase equilibria and thermochemical data for strategic compositions.
The understanding of the U-N system is likely adequate for these analyses, yet there may remain
uncertainties in the U-Si system, including a possible unidentified USi,x phase. Existing DOE
programmatic efforts on uranium silicides have made progress in understanding important properties and
phases in the U-Si system, and thus the goal of the proposed effort is to utilize those results in broader
models and provide complementary analyses. There are also indications of formation of a high temperature
ternary phase in the U-Si-N system, but other than that no ternary phase information is reported. Issues
such as the solubility of silicon in UN, or conversely of nitrogen in uranium silicides, are not understood.
Therefore assessments of these systems need to be undertaken.

It is understood that irradiated fuels will suffer from radiation damage and therefore see substantially larger
defect concentrations such as vacancies and interstitials than expected at equilibrium. Yet despite these
non-equilibrium effects, determining the equilibrium state is important for several reasons. First, it is at
least the starting point for detailed modeling of fuel behavior from which one could then investigate the
effect of radiation-induced defects. Second, given the high operating temperatures and relatively long time
scales, radiation-caused defects can anneal and thus local equilibrium may still predominate. It has also
been argued that irradiation can cause thermal spikes and therefore temperatures can exceed those computed
from volumetric power generation, thus causing unexpected phase transitions. This indeed can occur, but
again, after a thermal spike temperatures return to steady-state values and thus the phase state can similarly
adjust.

With a thermochemical understanding and thus a set of free energy relations for the fuel phases it will be
possible to determine their stability with respect to baseline zirconium and prospective ferritic alloy and
SiC composite cladding materials. Database values for the alloys and SiC are available, as well as those
for a proportion of major interaction products that will allow direct application.[8, 9] Thus it will be
possible to explore a wide range of conditions for fuel-cladding systems to predict behavior. These will be
tested by exposures of fuel and cladding materials at relevant temperatures with post-exposure
microanalysis used to identify interactions and their products. As needed, thermochemical relations for
additional reaction products will be developed.

The determination of the influence of FP generation on the fuel-cladding systems is important. Essentially,
the fuel phases need to be evaluated as “SIMFUELS” where simulated FP compositions for relatively high
burnups are mixed with the fuel to chemically simulate irradiation. The result can provide insight into
partitioning of FPs between the fuel phase and secondary phases, and thus their direct contribution to
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swelling and the evolution of thermophysical properties such as conductivity, heat capacity, and thermal
expansion, which in turn will impact the modeling of phenomena such as pellet cladding mechanical
interactions (PCMI). In addition, the fate of FP elements will directly impact pellet-cladding chemical
interactions (PCCI). It is thus important to understand the chemical state and activities of reactive FPs so
that their potential for cladding attack can be judged. Selected SIMFUEL compositions will be
experimentally prepared, subjected to high temperature to affirm expected phase formation and provide any
needed adjustments to the thermochemical understanding. Ultimately, SIMFUEL formulations can be
tested in contact with potential cladding materials to evaluate compatibility during burnup, and compared
to expected behavior predicted from thermochemical analysis.

1.1. Project Objectives

Achieving the goal of developing advanced fuel concepts that meet the DOE objectives of being robust,
demonstrating high performance, and are more tolerant of accident conditions than current fuel systems
will require a thorough understanding of the thermophysical and thermochemical properties of the
constituent materials. Non-oxide fuel systems are being explored under the Advanced Fuels Program that
hold significant promise for improved performance and accident tolerance, including uranium silicide-
based systems considered in the research reported here.

Currently considered prospective cladding materials that contribute to improved accident tolerance include
silicon carbide composites and ferritic alloys (Fe-Cr-Al base compositions). Thus, thermochemical models
and values have been developed, and supported with targeted experiments, allowed preliminary evaluation
of the various fuel-cladding systems. Such a detailed understanding will serve to aid in early screening of
candidate systems to avoid wasted effort, guide development of new fuel forms, and to provide a basis for
predicting and modeling fuel performance.

Issues such as phase stability, particularly among composite (two-phase) fuels, compatibility with
prospective cladding materials, and behavior during burnup are important. Burnup effects to consider
include the solubility of fission products (FPs) and their contribution to swelling, formation of secondary
phases, and FP interaction with cladding materials. While a complete and accurate determination of
thermophysical/chemical properties for the materials is desirable, combining a comprehensive set of
thermodynamic values with a complete set of kinetic mechanisms for all interactions, it is certainly not
practical. The targeted generation of properties and behaviors, however, can provide both critical insight
for development and important data for fuel performance modeling. It was the objective to provide the
phase equilibria and thermochemical aspects necessary to achieve these goals, including critical information
such as the contribution to fuel swelling of dissolved non-noble FPs, secondary phase formation, and
interactions with cladding. The culmination of this research will be to provide a dataset directly usable in
fuel performance codes, for example BISON coupled to THERMOCHIMICA, a chemical equilibrium
solver designed to return chemical activity and phase information to BISON to inform burnup simulations.
Development of this capability is progressing under the Nuclear Energy Advanced Modeling and
Simulation (NEAMS) program and will need the proposed dataset to model advanced fuel performance.

It should be noted that while there were no changes in actual tasks within the project, feedback from
Westinghouse Electric Company, LLC early in the project period indicated a lesser interest in UN-
containing systems. As a result, greater emphasis in the research was placed on understanding silicide-
related issues. Specific project milestones/activities are listed below, with all successfully accomplished
and documented in here and in separate reports.

o Develop models for U-Si and U-Si-N phase systems
e Thermochemical evaluation of fuel-cladding interactions of nitride, silicide, and composite fuel
with baseline zirconium, SiC composite, and ferritic alloy cladding
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Thermochemical assessment and models of phases for nitride/silicide fuels with key FPs and
generate models for use in codes

Develop models values in FactSage and THERMOCHIMICA use format

Experimental results from of fuel-cladding diffusion couples with baseline Zr-alloy, SiC
composite, and ferritic alloys

Experimental evaluation of phase formation in silicide fuels with simulated FPs
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2. Non-Stoichiometry in UsSi;

The UsSi, phase possesses a tetragonal unit cell with space group P4/mbm. The crystal
structure and phase stability of UsSi, were confirmed by room temperature X-ray diffraction on
arc-melted and annealed UsSi, samples [10] and room temperature neutron diffraction on irradiated
UsSi2 [11]. However, more recently, Obbard et al. [12] conducted the first high temperature neutron
diffraction study to 1873 K and reported a new crystal structure with P4/mmm space group above
1273 K. While the data quality did not allow for determination of crystallographic parameters, the
reflections above 1273 K, the reduction in peak intensities for P4/mbm and a diverging coefficient
of thermal expansion support the assertion of a new structure. Obbard et al. [12] reported that above
1000 K the coefficient of thermal expansion of UsSi, began decreasing, which agrees with
observations by White et al. [13], who studied the thermal expansion of U3Si; by dilatometry up to
1673 K, and reported a constant coefficient of thermal expansion below ~1000 K.

Although a new crystal structure is a reasonable explanation for the above observations
another possible explanation is a change in the defect concentration close to 1000 K. As uranium
and silicon atoms create ordered vacancies and/or interstitials, new diffraction reflections and
deviation in thermal expansion can be observed. Middleburgh et al. [14] utilized density functional
theory (DFT) and thermochemical analysis to assess the stability of UsSi, with respect to non-
stoichiometry. They predicted: 1) UsSi, contains stable interstitial Si sites (specifically at the 2b
Wyckoff position), 2) UsSi; is a line compound at room temperature, with excess Si forming Si-
rich precipitates, and 3) above 1000 K there is a homogeneity range bounded by Us;Siig7and
U38i2,03.

The Middleburgh et al. [14] predictions lend credence to the argument that deviations in
thermal expansion and new reflections are due to defect formation. The same study, however, only
relied on calculated defect enthalpies to assess the non-stoichiometry of UsSiz.x as function of
temperature. Andersson et al. [15] expanded the effort to include defect formation entropies in the
analysis and they predicted even higher Si-excess non-stoichiometry across a wide temperature
range. For example, at 1250 K the non-stoichiometry was predicted to be as high as UsSizz,
although some care should be applied to the interpretation of the exact value since their analysis
acknowledged reduced accuracy for such high defect concentrations. The validation of these
extensive theoretical studies motivates the current experimental work.

This study provides crystallographic information about the UsSi, phase from investigating
its crystal structure up to 1373 K using high temperature time-of-flight neutron diffraction. The
proposed UsSi, phase range has been verified, thermal expansion anisotropy was assessed, and the
absolute bond lengths, the absolute lattice parameters and atomic displacement parameters were
guantified. The potential hyperstoichiometry of UsSi»was evaluated based on the formation energy
and concentration of each point defect, in three different environments: 1) Si-rich environment,
with excess Si from USi; 2) U-rich environment with excess Si from UsSi; and 3) UsSi; is near
“perfect” stoichiometry.

2.1.1. Methodology
2.1.1. Sample Fabrication

Specimens of UsSi, (with compositions U/Si = 3/2.00161 and U/Si = 3/2.00834) were
synthesized by arc-melting the constitutive metals of depleted uranium (<0.2 atom % 2*°U, rest
238) and 99.999% pure silicon (Cerac Inc., Milwaukee, Wisconsin ) in a tri-arc system (5TA Reed
Tri-Arc, Centorr Vacuum Industries, USA) as described by White et al.[16]. The difference
between the initial and final mass of each sample was used to determine its composition to within
0.01 mg. For the composition, U/Si = 3/2.00161, the initial and final mass of the ingot was
measured as 5.22917 g and 5.22300 g respectively, having a mass change of 6.17 mg. For the
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composition, U/Si = 3/2.00834, the initial and final mass of the ingot was measured as 5.41160 g
and 5.40807 g respectively, having a mass change of 3.53 mg. Assuming mass loss occurred
because of Si volatilization, the change in Si stoichiometry was 0.00065 and 0.00303 for U/Si =
3/2.00161 and U/Si = 3/2.00834, respectively. The U/Si = 3/2.00161 composition will be referred
to as UsSiz 0 and the U/Si = 3/2.00834 composition will be referred to as UsSiz.e1 throughout the
rest of this chapter.

Since uranium metal readily oxidizes, necessary precautions were taken to minimize
oxygen exposure during arc melting. A copper getter was used to reduce the O level from 10 ppm
to 102 ppm in argon gas stream that flowed through the arc melter prior to melting depleted
uranium and silicon. We used titanium as an additional getter during arc melting to further remove
oxygen impurities. Arc melting was done inside a glovebox maintained at <0.1 ppm O, and H.0.
Oxygen levels were monitored during arc melting by oxygen sensors (Rapidox 3100 OEM,
Cambridge Sensotec, UK) at the inlet and outlet of the tri-arc system.

Powder samples for neutron diffraction were prepared by crushing ~5 g ingot of UsSi;
using a mortar and pestle and sieved between a -200 and -325 mesh. Immediately after crushing,
samples were placed in a W-mesh metal furnace and annealed at 1523 K for 20 hours in gettered
argon atmosphere, limiting sample exposure to oxygen. Powdered samples were processed within
an argon glovebox line maintained below 30 ppm O.. Samples were directly loaded into vanadium
sample containers immediately following annealing.

2.1.2. Neutron Diffraction Data Acquisition

A schematic of the High Pressure-Preferred Orientation (HIPPO) neutron time-of-flight
diffractometer used in this study is provided in Fig. 2.1. HIPPO has 1,200 3He detector tubes
mounted on 45 detector panels, which are arranged on five rings at 40° (lowest resolution), 60°,
90° (medium resolution), 120° and 145° (highest resolution) nominal diffraction angles, covering
22.4% of the sphere around the sample to detect the fraction of the ~2x10” n/s/cm? incident neutron
intensity at 100 pA proton current scattered by the sample. An ILL-type (developed at the Institute
Laue-Langevin in Grenoble specifically for neutron diffraction) vacuum furnace with vanadium
heating elements and heat shields and operated at a vacuum pressure of <10 Torr was used inside
the HIPPO sample chamber for high temperature measurements.

Vanadium was used as sample container and furnace heating elements and heat shields as
it has a negligible coherent scattering cross-section of 0.0184 barns (coherent scattering length of
b=-0.3824 fm) compared to 28U (8.871 barns, b=8.402 fm) and Si (2.163 barns, b=4.1491 fm, all
cross-sections from Sears, 1992) and therefore contributes negligible reflections in diffraction
patterns. Also, there is no interaction between UsSi, and vanadium at the temperatures of interest.
In their experiments, Obbard et al. [12], used Al.Oz as sample container and furnace, which
obscured the UsSi reflection peaks.
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Sample Chamber Ring of Detector Panels at

— 40, 607, 90", 120", 145

Fig. 2.1. Schematic of the High-Pressure Preferred Orientation (HIPPO) time of flight neutron
diffractometer.

Listed in Table 2.1 are the temperatures at which time-of-flight neutron diffraction data
were recorded. Neutron diffraction measurements were recorded every 200 K as the temperature
increased from room temperature to 1198 K, then every 25 K from 1198 K to final temperature
(1323 K and 1373 K for UsSi200 and UsSiz o1 respectively). The acquisition time per temperature
dwell point was equivalent to 120 minutes at a proton current of 100 pA. For the UsSiz.o1 Sample,
diffraction measurements were also recorded every 200 K as the sampled cooled to 298 K, which
allowed for verification of any U-Si precipitate formation.

Utilizing a robotic sampler, long count time neutron data were collected to detect possible
U-Si precipitates at low concentration (0.1-0.2 wt. %) approximately one year after collecting high
temperature measurements. The data were collected for ~9 hours and ~12 hours at room
temperature for UsSizo0 and UsSiz o1, respectively. These data are referred to as the high-quality
data.
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Table 2.1. Time-of-flight neutron diffraction data collection temperatures.

Temperature [K] UsSiz.00 UsSiz.01
2982 Heating Heating
373 Heating Heating
473 Cooling
573 Heating Heating
673 Cooling
773 Heating Heating
873 Cooling
973 Heating Heating
1073 Cooling
1198 Heating Heating
1223 Heating Heating
1248 Heating Heating
1273 Heating Heating and Cooling
1298 Heating Heating
1323 Heating
1348 Heating
1373 Heating

aFollowing the high temperature measurements, a series of measurements with longer acquisition
times were recorded.

2.1.3. Neutron Diffraction Data Processing

Neutron diffraction data were subjected to Rietveld analysis to refine the crystallographic
structure. Rietveld analysis was performed using GSAS [17] with scripts written in gsaslanguage
[18] to ensure that all datasets (data from both samples at each temperature) were refined with the
identical data analysis strategy. Each room temperature dataset was refined starting from the
UsSi; crystal structure reported by Zachariasen [19] (Inorganic Crystal Structure Database record
31648) with space group P4/mbm with all sites fully occupied and no additional Si sites. The
vanadium crystal structure was introduced into the refinement of the high quality data to account
for the weak signal from the sample container. Time-of-flight profile function #1 in GSAS was
used and all five histograms (40°, 60°, 90°, 120° and 145° nominal diffraction angle) were refined
simultaneously with a d-spacing range of 0.5 A to 3.5 A, including approximately 635 reflections.

Refined parameters included 12 background parameters per histogram (GSAS
background function type 1), diffractometer constants DIFC (conversion from time-of-flight to d-
spacing) for all histograms except for the highest resolution 145° backscattering detector bank
(essentially adjusting the sample position), lattice parameters, isotropic atomic displacement
parameters, atomic position parameters, one absorption parameter per histogram, and the peak
width parameter o of the peak profile function #1 in GSAS. After the refinement of these
parameters, the isotropic thermal motion parameters were converted to anisotropic thermal
motion parameters and their values were refined together with all other parameters. The room
temperature refinement with fixed diffractometer constants (essentially accounting for slight
sample misalignment relative to the calibrated sample position) and absorption values were used
as a starting point for all high temperature refinements. The maximum number of refined
parameters was 91 for the room temperature runs and 82 for the high temperature runs (not
including phase scale, lattice parameter and thermal motion parameter refined for the vanadium
phase in the long runs).

GSAS routines were utilized to compute absolute bond lengths from the absolute lattice
parameters and atom positions. The resulting crystal structure and difference Fourier maps
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generated by GSAS after refinement were visualized using the VESTA package [18]. The absolute
lattice parameters were used to quantify the coefficients of thermal expansion (CTES) as a function
of temperature using the Thermal Expansion Visualization (TEV) program [20]. Using TEV,
second order polynomial fits were applied to the error-weighted lattice parameters vs. temperature.
These polynomials and their derivatives were used to generate the 2nd order tensor describing the
anisotropic thermal expansion.

2.1.4. DFT Calculations of Defect Energies and Entropies

The DFT calculations performed for this work followed the well-established methodology for the
modeling of UsSi; [14, 15, 21-25]. DFT calculations were performed with the Vienna Ab Initio
Simulation (VASP) package [26]. The exchange and correlation interactions are accounted for
using the generalized gradient approximation (GGA) as parametrized by Perdew-Burke-Ernzerhof
(PBE) [27-30]. A 2x2x3 supercell (120 atoms) expansion of the UsSi» unit cell was used to calculate
the thermodynamic and Kinetic properties for defect formation.

The point defect concentration (per UsSi» unit cell) is expressed as:

F
Cag = Za, exp(:;T'f) 2.1

where A denotes the defect type (vacancy, interstitial or anti-site) and B denotes the species
involved (U or Si), while Zag is the site multiplicity, T is the temperature, and kg the Boltzmann
constant. The corresponding site fractions (yas) and the fraction of As with respect to the total
amount of B(uas) can be derived from Ca,. Vibrational defect entropies were calculated from the
normal mode phonon frequencies following the approach of Mishin et al. [30].

At temperatures higher than the Debye temperature, the entropy of crystalline solids can be
approximated as:

— hvy,
S= —kg Y3N3n (RTT) + (3N — 3)ky 2.2
N is the number of atoms in the crystal, kg is the Boltzmann constant, T is the temperature, and vn

is the normal vibrational frequency of the crystal. The free energy (F) is calculated from the energy
(E) and entropy (S) according to

F=E-TS 2.3

The defect formation energy for vacancies and interstitial is obtained from supercell calculations
according to:

EAB'sz(AB,Ni1)¢eB_E(N) 24
and the entropy as:
SAB_fzs(ABpNil)isB_S(N) 25

E(Ag, Nx1) is the entropy of a UsSi, supercell that contains one defect of the type Ag, N is the
number of atoms without the defect and N+1 is the number with the defect (interstitial = plus and
vacancy = minus) while eg is the partial energy of U or Si (interstitial = minus and vacancy = plus).
S(As, N+1) and sg are the corresponding entropies. It should be noted that since UsSi; is metallic,
it was not necessary to take the charge state of the defect into consideration.

U anti-site defects were included in the calculations in this study because they have been
shown to be important for non-stoichiometry in the U-rich part of the phase diagram [14]. The
concentration of the Si anti-site defects was calculated to be less significant [14] and therefore were
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not considered. For U anti-sites Egs. 2.4 and 2.5 were slightly modified to include both the U and
Si partial quantities with the number of atoms kept at the same number as the perfect cell (N):

Eygr = E(Usi, N) + e5; — ey — E(N) 2.6
and
Sus,r = S(Usi, N) + s5; — sy — S(N) 57

Three different cases for the partial molar quantities (chemical potentials) were considered: 1) the
environment is Si-rich and UsSi; is in equilibrium with USi; 2) the environment is U-rich and UsSi»
is in equilibrium with UsSi (at high temperature the equilibrium is with uranium metal); and 3)
UsSiy is near “perfect” stoichiometry. The stoichiometric or nearly stoichiometric case was bound
by the chemical potentials of the Si and U-rich cases.

The partial energy and entropy were computed by solving the following equations:

E(U,Sip) = aey + beg; 2.8
E(U.Sig) = cey + deg; 2.9
and

S(U,Siy) = asy + bsg; 2.10
S(USig) = csy + dsg; 2.11

E(U.Siy) and E(UcSiq) are the energies of the U.Si, and UcSiy phases defining the equilibrium
conditions. S(U,Sip) = %S(UaSib) and S(U.Siy) = %S(UCSid) are the corresponding
entropies and N is the number of atoms in the cells used to describe U.Si, and U.Sigq, respectively.
The % scaling factor is a consequence of the entropy of the crystalline solid summing over the

3(N-1) non-zero phonon modes, rather than the modes corresponding to the total number of atoms,
3N. The acoustic modes in the long wave-length limit, analogous to translation, are excluded from
the summation.

2.2. Results
2.2.1. Rietveld Refinement and Crystal Structure of the UsSiz o and UsSizo1

The goodness of fit (x?) and weighted profile factor (Rwp) values obtained from the
simultaneous Rietveld refinement of the five histograms from the HIPPO detectors at each
temperature for both UsSiz.00 and UsSi2 01 Show that each refinement was successful using the UsSi»
(P4/mbm) crystal structure as the initial model (Table 3.2). The high-quality datasets have a larger
¥? and Ryp values compared to the data collected for 120 minutes at the same temperature; Longer
acquisition time increases the statistical precision in a diffraction measurement making it
impossible to model “imperfections” in the peak shape or peak positions (i.e., features that cannot
be modeled) [31].

A histogram recorded at ~298 K and 1298 K by the 145° and 90° detector panels of HIPPO,
including Rietveld fit are provided in Figs. 2.2-2.4, 2.3 and 2.4 for UsSiz.00and UsSiz 1, respectively.
The plots in Figs. 2.2-2.4 were normalized by the incident intensity and the refined background
was subtracted for clarity. No additional U-Si phases were observed in either sample, indicating
that both are single phase.
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Table 2.2. The y2 and Rwp obtained at each temperature for both samples.

Temperature 12 UsSi2.00 Rwp (%0) UsSi2.00 ¥% UsSiz2.01 Rwp (%0) UsSiz2.01
[K]
298 51.79° 1.7533P 60.593b 1.71b
3.528 0.82 6.589 1.01
373 3.050 0.76 5.746 0.95
473 5.835 0.95
573 2.685 0.72 4.820 0.97
673 4.843 0.88
773 2.339 0.68 4.211 0.84
873 4.439 0.84
973 2.136 0.66 4.032 0.82
1073 4.091 0.81
1198 1.907 0.65 3.800 0.80
1223 1.933 0.65 3.843 0.81
1248 1.924 0.64 3.700 0.81
1273 1.877 0.63 3.835 0.81
1273 3.803 0.80
1298 1.881 0.63 3.791 0.81
1323 3.841 0.81
1348 3.837 0.82
1373 3.925 0.86

b2 and Ru, for high-quality data.
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(a, ¢) and 90° (b, d) detector rings.

The crystal structures based on the refined crystallographic parameters together with the
densities above ~60% of the maximum density in the difference Fourier maps are shown in Fig.
2.5. The anisotropic atomic displacement parameters Uj; are displayed as 99% probability ellipsoids
(i.e., covering the entire space of possible locations). The crystal structure contains two distinct
uranium Wyckoff sites (2a and 4h) and one silicon site (4g). The uranium atom at the 2a position
will be referred to as Ul and the one on the 4h as U2. While the U1 atom displays a strong
anisotropic thermal displacement motion along the crystallographic c-axis (Uss), the Si and the U2
atoms exhibit an almost isotropic atomic displacement. The positive densities in the difference
Fourier maps indicate the location of additional atoms.

22



Fig. 2.5. Visualization of the refined crystal structure of UsSi2.0 (a) and UsSiz0:1 (b) overlaid with
the difference Fourier maps. Yellow shows a positive difference and blue a negative difference.

The atomic displacement parameters (Uj) and the ratio of the atomic displacement
parameter along the c axis to the atomic displacement parameter along the a axis (Uss/U11) as a
function of temperature are shown in in Fig. 2.6. For both samples a value of about 4.5 was obtained
for Uss/U11, showing that the thermal motion of the U1 atom is very anisotropic, with preferred
motion along the c axis. The value of Us3/U1; varied between 0.96-0.85 and 1.6-1.2 over the entire
temperature range for U2 and Si atoms respectively, showing that their thermal motion is almost
isotropic, with the U2 atoms having a slightly preferred motion along the a axis, and the Si atoms
having a slightly preferred motion along the c-axis.
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Fig. 2.6. Atomic displacement parameters Uj; as a function of temperature. All three atoms are
shown in the UsSizq0 (red) and UsSiz.o1 (blue) crystal structure. Uy (left axis in a-c) and Uss (right
axis in a-c) correspond to atomic displacement along the a-axis and c-axis, respectively and U1,
(d) is the atomic displacement in the a-b plane for U2 (left axis in d) and Si (right axis in d). Note
that the error bars are within the symbols and the scale difference in (a) and (d).
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The lattice parameters and unit cell volume as a function of temperature for the two UsSi,
samples compared to parameters obtained by Obbard et al. [12] are shown in Fig. 2.7. While the a-
lattice parameters lie within the margin error, the c-lattice parameters and therefore the unit cell
volume for the UsSiz.01 Sample resulted in slightly smaller values than the UsSiz.00 sample.
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Fig. 2.7. Lattice parameters and unit cell volumes as a function of temperature. Stoichiometric
UsSiz.00 is shown in red and hyper-stoichiometric UsSiz 01 in blue. Both are compared to data from
[12] in black. The error bars for UsSi2.00 and UsSizo; are smaller than the data markers. Lattice
parameters and unit cell volume were fit with a 2nd order polynomial with R? > 0.997.

c[ A]

a[ A]

Bond lengths were computed from the refined lattice parameters and atom positions,
indicating Si-Si bonds are the shortest and that there are two symmetry related bond length
possibilities for Si-U2 bonds. The uncertainties associated with the Si-Si bond lengths are higher
than the uncertainties of the bond lengths and increases with temperature for both compositions.
While the absolute bond lengths as a function of temperature displayed in Fig. 2.8 do not show
significant trends, a plot of the relative bond lengths (Fig. 2.9) do reveal trends in behavior. The Si-
Si bonds show the highest relative change (strain relative to the room temperature bond length)
with greater than 2% at the highest temperatures for both compositions. In comparison, the Si-U1
bonds only expand slightly more than 1% during heating from room temperature to ~1273 K. The
Si-Si bond strain at temperatures above 1000 K is greater in the UsSi» 01 greater sample.

There were no observable differences in the Si-U1 bond strains between the two samples.
The U1-U2 thermal strain is significantly higher for the UsSi».00o Sample, resulting in a difference of
31% at 1298K. At temperatures above ~1200 K, the Si-U2 bond strains for the U3zSiz.00 sample is
either slightly higher or lower than that of the U3Si 1 depending on the bond (the Si-U2 bond can
be different depending on the plane of the Si atom).
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2.2.2. Thermal Expansion of UsSi, from Crystal Structure Data

The thermal expansion, and coefficient of thermal expansion (CTE) for each unit cell
parameter were computed for both UsSiz.00 and UsSizo: Samples and are shown in Fig. 2.10. The
expansion of the a and c-lattice parameters from room temperature to 1273 K were ~1.5 % and
~2.2 %, respectively and is therefore significantly anisotropic. The thermal expansion of both the
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a and c-lattices were greater for the UsSiz.00 compared to the UsSi2 01, by approximately 0.5 % and
1%, respectively.

The average linear coefficient of thermal expansion (a) is related to the volumetric
coefficient of thermal expansion (B) by the equation:

(1) =3a(T) =35 = by + by T 2.12
where B(T) is the coefficient of volume expansion, o(T) is the average linear coefficient of thermal
expansion, V is volume, and T is temperature. The average linear coefficient of thermal expansion
is calculated using Eq. 2.12 by taking the derivative of the volumetric strain. The average CTE as
a function of temperature for both samples compared to available literature values are provided in
Fig. 2.11(a).

The recommended average CTE (Fig. 2.11b) for UsSi, given by:

Aaug(T) = 2.065 * 107> — 5.884 + 10~°T (R? = 0.94) 2.13

and was computed using Regression analysis of the stoichiometric data from this work and those
from White et al. [13] and Obbard et al. [12]. The data from the other studies shown in Fig. 2.11(a)
were omitted from the computation for several reasons; 1) they did not follow the general trend
(i.e., decrease as a function of temperature); 2) the values were too small compared to values from
this work and those in references [12, 13]; and 3) uncertainties about their experimental procedures
and sample composition.
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Fig. 2.10. Comparison of thermal expansion, coefficient of thermal expansion for a and c-lattice
parameters, and unit cell volume. Collected data is compared with data from Obbard et al.[12].
Data from White et. at. [13] is also used for volumetric expansion comparison.
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2.2.3. Results from DFT Calculations of Point Defects in UsSi»

The calculated point defect energies and entropies for the nearly stoichiometric, Si-rich and
U-rich environments are provided in Table 2.3 and the point defect concentrations are plotted as
function of temperature in Fig. 2.12 (near stoichiometric environment), Fig. 2.13 (Si-rich
environment) and Fig. 2.14 (U-rich environment). The resulting non-stoichiometry (X in UsSiz«)
is also shown in the figures (Fig. 2.12-14).

Si interstitials dominate in all three environments, which leads to hyperstoichiometry with
respect to Si for all three cases not only for Si-rich conditions. The hyperstoichiometry was
accentuated at high temperature, while at low temperature the composition was close to
stoichiometric. After Si interstitials, U anti-sites and U interstitials follow as the species with the
second and third highest concentration. The U1 (2a site) vacancies had a more negative formation
energy and therefore were more stable than the U2 (4h sites) vacancies. However, silicon vacancies
are more stable than the U1, except for in the Si-rich environment when both are of similar
magnitude. For U-rich environments at high temperature, the uranium anti-site concentration
became significant and began to drive the non-stoichiometry back towards x = 0 (i.e., back to
UsSiy).
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Table 2.3. U and Si point defect formation energies and entropies.

Energies (eV)

Entropies (kg)

Stoich. Si-rich U-rich Stoich. Si-rich U-rich
€u -9.79 -9.83 -9.79 Su 311 -1.30 -3.41
Esi -6.24 -6.19 -6.26 Ssi -5.79 -8.05 -4.88
Evyras 1.69 1.65 1.69 SVzas 0.45 2.86 0.15
Evyuny 3.00 2.96 3.00 SVyans 2.89 4.70 2.59
Evg , 1.79 1.84 1.77 Svsis 6.28 4.01 7.19
Ey,, 0.87 0.91 0.86 Suiy -3.15 -4.96 2.85
Esi;f 0.55 0.50 0.57 Ssiy s 2.19 4.45 1.28
Eyg, 1.02 1.11 1.00 Sugis 1.32 2.75 2.53
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Fig. 2.12. Equilibrium defect concentrations (plotted as site fractions, yas, left) and non-
stoichiometry (x, right) for nearly stoichiometric UsSio.
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Fig. 2.14. Equilibrium defect concentrations and non-stoichiometry in UsSiz+x for U-rich
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y-axis and non-stoichiometry, X, on the right-hand y-axis.
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2.3. Discussion
2.3.1. Non-Stoichiometry in UsSi; form Si Interstitial Defect

The slightly higher Si content sample (UsSiz01) has not resulted in an expected second
phase when assuming UsSi; is a line compound. This suggests the current phase diagram may not
have a sufficiently wide homogeneity range of UsSi, to accommodate current observations. The
lack of any secondary phase at temperatures below 1000 K, disagrees with the prediction made by
Middleburg et al. [14], however they do agree with prediction made here by adding entropic
contributions to the analysis of Middleburgh et al. [14].

The decrease in the lattice parameters (~0.01% and ~0.1% for a and c-lattices respectively),
the observed differences in the thermal strain (Fig. 2.10), atomic displacement parameters (Fig.
2.6), bond length strain (Fig. 2.10) and coefficients of thermal expansion (Fig. 2.11) for UsSiz.o0
compared to UsSiz.01 support the conclusion that the extra Si dissolved in the UsSi; lattice because
an undetected secondary phase would have resulted in identical structural evolution of UsSi, for
both samples. The positive difference in the difference Fourier maps (Fig. 2.5) allow to locate the
4f, 2c and 2d as possible silicon sites. Those sites along with 6 other (2b, 4e, 4g, 4h,8i) Wyckoff
positions were tested to identify the most stable silicon interstitial site. Fractional amount of Si
atom was added to each site and Rietveld refinement was performed on the high-quality data for
UsSi20: as described in Section 3.3. The total amount of silicon was constrained to 2.01, and the
regular silicon site and the interstitial site occupancies could vary during refinement. The results
from the Rietveld refinements are Summarized Table 2.4.

Table 2.4. Summary of Rietveld refinement results at 298 K.

Wyckoff | Position 12 Rwp (%) | Initial Si | Refined | Lattice
site Site Si  Site | Parameter
Fraction | Fraction
8i 0.75,0.2,0 diverged | diverged | 0.00125 | diverged | diverged
4e 0.5, 0.5, | 56.99 1.66 0.0025 0.026(1) |a=7.34097(7) A
0.262(2) ¢ =3.89378(5) A
4f 0,0.5,0.25 diverged | diverged | 0.0025 diverged | diverged
49 0.48,0.98,0 | diverged | diverged | 0.0025 diverged | diverged
4h 0.47, 0.97, | diverged | diverged | 0.0025 diverged | diverged
0.5
2b 05,0505 |[57.51 1.66 0.005 0.043(2) |a=7.34094(7) A
c =3.89384(5) A
2c 0.5,0,05 59.53 1.69 0.005 0.008(1) |a=7.34103(7) A
c =3.89378(5) A
2d 0,0.5,0 diverged | diverged | 0.005 diverged | diverged

Results show that the 4e, 2b, and the 2c could be a possible interstitial silicon site, with the
4e site being the most probable. The 4e site was not considered as an interstitial site in DFT
calculations; however, it closely relates to the substitutional anti-site solution mechanism
investigated by Middleburgh et al. [14]. The 2b site (0,0, 0.5) was predicted to be the most stable
for interstitial Si atoms by DFT simulations. The position was predicted to be slightly displaced
from the actual (0.0, 0.0, 0.5) position, which relates to the 4e site (0, 0, £z). Therefore, the
experimental and DFT predictions are in agreement regarding the stable silicon interstitial site.
The Si interstitial defect extends over the entire temperature range studied for the U3Si2 1 sample.
Therefore, the UsSi> compound should not be represented as a line compound but instead a solid
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solution. Future work is warranted to study additional UsSizx to discover the width of the
homogeneity range.

2.3.2. Lattice Parameters of Stoichiometric and Non-stoichiometric UsS, Phase

All refinements showed an excellent agreement with the reported UsSi, crystal structure.
For the stoichiometric UsSiz.00 sample the lattice parameters were 7.34664(7) A and 3.89965(6) A
for the a-lattice and c-lattice respectively at 298 K (values taken from the Rietveld refinement of
the 120-minute count time data). The lattice parameters were within 0.4 % of the data by Remschnig
et al. [10] (a=7.336(5) A, ¢ = 3.890(8) A), Maskova et al. [32] (a = 7.336(4) A, ¢ = 3.892(6) A),
Mohamad et al. [33] (a = 7.32(1) A, ¢ = 3.90(9) A) and Obbard et al.[12] (a = 7.324(3) A, ¢ =
3.882(2) A). The lattice parameters obtained for hyperstoichiometric UsSio: at ambient
temperature are 7.34589(4) A and 3.89513(5) A for the a-lattice and c-lattice, respectively. This
would indicate Si atoms substituting for U atoms as interstitial locations of excess Si would lead to
a lattice expansion rather than a contraction.

The DFT calculations of non-stoichiometry in UsSi, indicated that the interstitial defect
mechanism for accommodating excess silicon in the crystal structure is the most favored. The
simulated structure with excess silicon atoms on the interstitial sites shows that the a-axis
contracted by 0.097%, while the c-axis expanded by 0.35% and the overall unit cell expanded by
0.15%. Even though the volume expansion and the change in lattice parameters were small, the
simulation results exhibited a slightly different trend than the neutron diffraction measurements.
This could be related to the higher defect concentration used in the simulation, finite temperature
effects not accounted for in the simulations, or a structural difference between simulations and
experiments.

The silicon substitutional defect mechanism was predicted to be less stable than the
interstitial mechanism by Middleburgh et al. [14] and consequently was not included in the initial
analysis of this work. In view of the experimental results, additional calculations were performed
following the methodology in Section 3.3.4. Those calculations concluded that the substitutional
mechanism would cause a contraction of the parameters. It was found that the substitutional
mechanism lead to a lattice contraction of 0.22% for UsSi».11. The difference between the two
mechanisms was significant, but only 0.02eV.

Another possibility suggested and investigated by Andersson [private communication] is
the ability of forming a bound cluster from an interstitial and substitutional Si atom. It was found
that even though the cluster was weakly bound (-0.37 eV), it still caused volume expansion of the
lattice. Investigations of the accommodation of excess Si atoms will be the subject of future
research.

2.3.3. Thermal Expansion of UsSi,

The volumetric expansion relative to the room temperature volume to 1273 K was found
to be 1.65(6) % and 1.65(5) % for UsSiooe and UsSizo1, respectively. This is in good agreement
with results by White et al. [13], who found the thermal expansion of ~1.589% at 1273 K for UsSi»
from dilatometry measurements and by Obbard et al. [12], who calculated a volumetric thermal
expansion of ~1.662% at 1273 K for UsSi, from neutron diffraction refinement. The expansion of
the a and c-lattice parameters from room temperature to 1273 K were 1.5 and 2.2 %, respectively
and is therefore significantly anisotropic. This indicates that the existence of preferred orientation
in a UsSi> fuel pellet could lead to anisotropic thermal expansion of the bulk, which in turn could
lead to cracking.
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The average CTE for both U3Siz .01 and UsSiz0 Was found to vary linearly with temperature
and decrease with increasing temperature. The CTE values for UsSi, .o varied more widely with
temperature with a greater slope as compared to UsSiz 1.

The CTE values for UsSizo; also agrees well with those of Loch et al. [34] and values
obtained by Mohamad et al. [33] from 273-800 K, above which their values started to increase with
temperature. Although Mohamad et al. [33] did not mention anything about their samples
oxidizing, with the good agreement between their data and Taylor and McMurtry [35], it can be
speculated that their sample oxidized at some point during their analysis. The CTE values reported
by Taylor & McMurtry [35] were significantly lower than that for UsSizo1 and UsSizgo and their
values increased with temperature. These results were associated with the oxidation of their
samples during analysis. From this work it is evident that composition and sample environment
plays a role in the accuracy of CTE value obtained for UsSis.

The CTE values for UsSiz.o0agreed well with those reported by Obbard et al. [12]. Although
White et al. [13] reported a constant CTE value, a linear fit to their data was done in this work that
agreed well with the UsSi2o0 values. The CTE for UsSi. is best describe by the line ag,, 4 (T) =

2.065 * 1075 — 5.884 * 107°T (R?=0.94).
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3. Phase Stability of UsSis, USI, and U:Sis

The gaps and uncertainties in understanding of U-Si phase relations and thermodynamic representations
are especially a problem for the Si-rich region where many questions had remained [24, 36, 37]. The extant
phase diagram [37] indicates seven intermetallic compounds; USis (CusAu-type), USiz, USiygs (defect
ThSiz-type), UsSis (defect AlB-type), USi (USi-type), UsSi. (UsSiz-type) and UsSi. The phase represented
as UsSis was previously identified as U,Sis by Kaufmann et al., [13[38] or B-USi. by Zachariasen [19]. In
1959, Brown and Norreys [39] suggested that the U.Si; phase was a modification of the a-USi, phase;
however, the composition was located between 62-63 at.% silicon (UsSis).

In 1998, Noel et al. [40] reported a new phase, UsSis, having a hexagonal unit cell (P6/mmm space
group) with lattice parameters a=10.468 A and c=3.912 A. Although the work of Noel et al. [40] presents
a full crystallographic description, the reported data are limited, and the X-ray diffraction (XRD) pattern
has never been reported. Berche et al. [37] and Hoggan et al. [41] also reported a UsSis phase based on
scanning electron microscopy (SEM) backscatter images and energy-dispersive X-ray spectroscopy (EDS)
analysis. Considering the observed microstructure, Berche et al. [37] proposed that the UsSis phase is
formed through a peritectic reaction [UsSi; + liquid — UsSi4], however they could not determine the
temperature of the peritectic transition using their differential thermal analysis (DTA) technique. As no
events were observed in the DTA measurements, the phase was not included in their thermodynamic
assessment. The UsSis phase was considered in the thermodynamic assessment performed by Wang et al.
[24], but due to the limited experimental data, no crystal structure model was provided, and the Neumann-
Kopp rule was used to describe the formation enthalpy, entropy, and heat capacity. It was emphasized by
Wang et al. [24] that more work is still required to confirm the stability of the UsSi, phase. Previous density
functional theory calculations with a Hubbard correction (DFT+U) for the UsSis phase using the structure
reported by Noel et al. [40] have found that the phase is stable with respect to the decomposition reaction
UsSis — 2USi +UsSiy, requiring only 0.02 eV more positive energy to cause decomposition [14, 15, 22,
42]. Middleburgh et al.[14] have further pointed out that the small energy of formation barrier could be
negated by entropic factors, thus no conclusion was made about UsSis phase stability. This present work is
aimed at contributing to the solution of this issue.

As USi is compositionally adjacent to UsSi, and UsSis, USi could be a potential minor phase
generated in silicide fuel during fabrication or as uranium is consumed under irradiation and therefore,
understanding the phase is important. The primary concern about the USi phase is its crystal structure, there
are four proposed structure in the literature [19, 22, 42-44]. Bihan et al. [44] found that the USi phase
exhibits a tetragonal structure (14/mmm space group) and inferred that the USi crystal structure with Pbnm
space group reported by Zachariasen [19] was not the equilibrium structure because it was oxygen stabilized
(UsSigO). DFT calculations by Noordhoek et al. [45] demonstrated that neither of these USi structures are
the most stable, but instead suggested that USi is orthorhombic adopting the Imma space group. Further
DFT work by Lopes et al. [22] and Kocevski et al. [42] showed that USi with the Cmcm space group is the
most stable structure. Kocevski et al. [42] further showed that USi with the Imma structure is less stable
than the Pnma phase. In this work neutron diffraction is used to characterize the USi phase, previous
experiments by Ulrich et al. [46] and Obbard et al. [12], showed that this technique can sufficiently
characterize atom positions, thermal motion and anisotropic coefficient of thermal expansion.

3.1. Methodology
3.1.1. Sample Fabrication

Three samples with nominal compositions of U/Si = 5/4, U/Si =1/1, and U/Si = 2/3, were prepared
by arc melting uranium and silicon using a tri-arc furnace (5 TA Reed Tri Arc, Centorr Vacuum Industries,
USA). The arc melter was equipped with non-consumable 2% thoriated tungsten electrodes and a water-
cooled copper hearth. Arc melting was conducted under an atmosphere of high purity, gettered argon. The
depleted uranium rods (99.9+% purity, AeroJet Rocketdyne, Jonesborough, TN, USA) were manually
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cleaned using a SiC grinding disc to remove the oxide layer and rinsed with acetone and methanol before
being weighed. Chemical analysis on the uranium feedstock using Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) by MCL Inc. (Oak Ridge TN) revealed 8.3 ppm Co, 3.6 ppm Ni, and 2.7 ppm Cu
impurities. All other transition metals and rare earth impurities were below the instrument’s detection limit
of 0.05 ppm. Silicon with 99.999% purity (irregular shaped pieces, 3-6mm in size, Cerac Inc., Milwaukee,
W1) was used. A 5 mg excess of Si was added to each sample before arc melting to compensate for expected
Si volatilization.

Arc melting was conducted in an inert glovebox where the oxygen and water concentration were
less than 0.1 ppm. The O concentration at the inlet and outlet of the arc melting system was monitored
with oxygen sensors (Rapidox 3100 OEM, Cambridge Sensotec, UK) and the oxygen level was less than
10°%° ppm before the start of each sample melt. Each ingot was remelted 5 times, being turned over after
each melt to ensure homogeneity. Compositions were calculated based on mass difference assuming that
any mass loss was due to silicon volatilization. Targeted and actual compositions of the cast ingots are
summarized in Table 3.1.

Table 3.1. Target and actual compositions of samples along with identified phases and lattice parameters.
The space group and lattice parameters for the identified phases are compared to those from Remschnig
et al. [47] and Bihan et al. [44].

Target | Actual | Target | Actual Identified | Space Lattice Parameters (A) Reference
U/Si U/Si at.% Si | at.% Si Phases Group a b c
5/4 5/4.23 | 44.44 45.83 UsSiy P4/mbm | 7.32(4) 7.32(4) 3.90(2) This Work
7.33(5) 7.33(5) 3.89(8) [22]
uSi 14/mmm | 10.60(8) 10.60(8) 24.34(2) This Work
(U3sSiaas) 10.58(3) 10.58(3) 24.34(2) [22]
2/3 2/3.36 | 60.00 63.69 uSi 14/mmm | 10.59(1) 10.59(1) 24.39(5) This Work
(U34Siaas) 10.58(3) 10.58(3) 24.31(5) [22]
UsSis P6/mmm | 3.84(1) 3.84(1) 4.06(2) This Work
3.84(7) 3.84(7)  4.08(1) [22]
1/1 1/0.98 | 50.00 49.49 USi 14/mmm | 10.622(1) 10.622(1) 24.389(7) This work
10.587(3) 10.587(3) 24.310(5) [30]

The phase identified for the U/Si = 5/4 and U/Si = 2/3 samples were done by XRD while that for the U/Si
= 1/1 was done by neutron diffraction.

Pieces of the ingots from the U/Si = 5/4.23 and U/Si = 2/3.36 samples were annealed in a W-mesh
metal furnace in a glovebox for 48 hours at 1250 °C under a flowing gettered Ar with a heating rate of 20
K min and a cooling rate of 100 K min™.

The U/Si = 1/0.98 sample was prepared for neutron diffraction by grinding the ~5 g ingot using a
mortar and pestle and sieving between a -200 and -325 mesh in an Ar glovebox maintained below 30 ppm
Os. Immediately after grinding, the sample was placed in a W-mesh metal furnace and annealed at 1250 °C
for 20 hours under flowing gettered argon. The shorter annealing time has been shown to be sufficient for
equilibrating the silicides post size reduction [46]. Immediately following annealing the sample was loaded
into a vanadium container to limit oxygen exposure.
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3.1.2. SEM-EDS and XRD

Samples for SEM-EDS were prepared by mounting 3-5 pieces of an ingot in epoxy and polishing
them using #600, #800, #1200 grit SiC grinding discs and then using 9 pm, 3 um, and 1 pm diamond
suspension for final polishing. A Tescan Vega-3 SEM equipped with an electron backscatter and an EDS
detector was used for imaging and analyzing phase composition. Fiji (ImageJ) software was used to
compute the volume fraction of each phase from the backscatter images of the annealed sample.

XRD samples were prepared by grinding ingot fragments using a mortar and pestle in the Ar
atmosphere glovebox previously described. An approximately 100 mg powdered sample was mounted on
a Si single-crystal zero-background plate using a thin layer of vacuum grease and sealed inside a polymer
dome inside the glovebox to reduce the risk of oxidation. The polymer dome had an air scatter shield to
minimize the background contribution to the diffraction signal. XRD spectra were collected on a Bruker X-
ray diffractometer (D2 Phaser, Bruker AXS, Madison, WI, USA), from 15° to 90° 26 with a 7s dwell time
and a 0.01° step size. The XRD patterns were analyzed using Bruker DIFFRAC.SUITE EVA software, and
MDI Jade pro software. The phase fractions of the annealed samples were estimated by whole pattern
function (WPF) Refinement with the reference intensity ratio (RIR) method implemented in the Jade
software. Rietveld analysis on the XRD data was performed using the GSAS-II software package to
determine lattice parameters.

3.1.3. High Temperature Time-of-Flight Neutron Diffraction

The High Pressure-Preferred Orientation (HIPPO) time-of-flight neutron diffractometer, utilizing
the pulsed neutron spallation source at the Los Alamos Neutron Science Center, was used for neutron
diffraction measurements. An Institute Laue-Langevin (ILL)-type furnace with vanadium heating elements
and heat shields and operated at a vacuum of <10 Pa was used for controlling sample temperature.

Neutron diffraction measurements were recorded every 200 °C as the temperature increased from
room temperature to 1100 °C with a temperature dwell time equivalent to 120 minutes at 100 pA proton
current to compensate for fluctuations in proton current (Table 3.2). Data were recorded at ~30 °C, 100 °C,
300 °C, 500 °C, 700 °C, 900 °C, and 1100 °C, as the sample was heated and at 1000 °C, 800 °C, 600 °C,
and 400 °C, as the sample cooled.

Rietveld analysis on the neutron diffraction data was performed using the GSAS software with
scripts written in gsaslanguage. The USi structure belonging to the 14/mmm space group as reported by
Bihan et al. [44] was used as the initial model. The room temperature structure was subsequently used to
refine the high temperature data, where the maximum number of parameters was 103, including background
parameters, diffractometer constants, lattice parameters, isotropic displacement parameters for Si atoms,
anisotropic displacement parameters for U atoms (constrained to be constant for each atom), atomic
positions, peak width parameters, absorption parameters, and atom site occupation parameters for the Si
atoms.
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Table 3.2. Neutron diffraction data temperatures, goodness of fit (y2), and the weighted profile factor
(Rup).

Temperature [°C] U/Si = 1/0.98 1 Rwp (%0)

30 Heating 14.77 1.05
100 Heating 9.683 0.84
300 Heating 8.491 0.81
400 Cooling 5.177 0.85
500 Heating 10.78 0.91
600 Cooling 8.538 0.80
700 Heating 7.533 0.76
800 Cooling 7.743 0.77
900 Heating 7.036 0.74
1000 Cooling 7.002 0.74
1100 Heating 6.331 0.72

3.2. Results

3.2.1. UsSis and U,Sis

The samples with compositions U/Si = 5/4.23 (45.83 at.% Si) and U/Si = 2/3.36 (63.69 at.% Si)
were used to investigate the existence of the UsSis and the U;Si; phases. Representative SEM backscatter
images of the as-cast and annealed samples are provided in Figs. 3.1-3. They indicate two phases are
present; a Si-rich phase and a U-rich phase, identified as USio9and UsSi1gin the U/Si = 5/4.23 sample and
USiy7 and USiy in the U/Si = 2/3.36 sample based on EDS analysis. The elemental analyses are
summarized in the supplementary material (Table 3.3). The phase fractions for USigg, UsSi1g, USi17 and
USiy o were calculated as approximately 60 mol%, 40 mol%, 80 mol% and 20 mol%, respectively from
SEM backscatter images.

The XRD patterns for the as-melted and annealed U/Si = 5/4.23 sample are provided in Fig. 3.3.
The UsSi, (P4/mbm space group) and USi (I14/mmm space group) were identified as the two phases present
with no additional phases indicated by additional diffraction peaks. The XRD pattern of the annealed U/Si
=2/3.36 sample (Fig. 3.4) indicate solely the USi1 67 (P6/mmm space group) and USi (14/mmm space group)
phases. The U/Si = 5/4.23 sample is composed of ~39 mol% U;Si; and ~61 mol% USi determined using
RIR method with the MDI JADE software. The U/Si = 2/3.36 sample has a phase fraction of ~19 mol%
USi and ~81 mol% USiw67, respectively. The phases, space groups and lattice parameters found from
Rietveld refinement are compared to those previously reported by Remschnig et al. [47] (Table 3.1).
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Table 3.3. EDS data for the 45.83 at.% Si and 62.69 at.% Si samples.

45.83 at.% Si Sample (Phase 1) at.% Si at.% U wt.% Si wt.% U
48.05 51.95 9.84 90.12
47.86 52.14 9.77 90.23
48.12 51.88 9.86 90.14
47.76 52.24 9.74 90.26
48.42 51.58 9.97 90.03
48.01 51.99 9.83 90.17
45.65 54.39 9.02 90.98
45.79 54.21 9.06 90.94
47.50 52.50 9.65 90.35
47.68 52.32 9.71 90.29
48.41 51.59 9.97 90.03
47.48 52.52 9.64 90.36
47.70 52.30 9.71 90.29
Average 47.7£0.8 52.4+0.8 9.7+0.3 90.3+0.3
45.83 at.% Si Sample (Phase 2) at.% Si at.% U wt.% Si wt.% U
39.10 60.90 7.04 92.26
39.38 60.62 7.12 92.88
38.80 61.20 6.96 93.04
39.78 60.22 7.23 92.77
38.81 61.19 6.96 93.04
39.30 60.70 7.10 92.90
39.77 60.23 7.23 92.77
38.39 61.61 6.85 93.15
38.63 61.37 6.91 93.09
39.31 60.69 7.10 90.90
39.77 60.23 7.23 92.77
Average 39.19+0.46 60.81+0.46 7.24+0.59 92.69+0.60
62.69 at.% Si Sample (Phase 1) at.% Si at.% U wt.% Si wt.% U
62.55 37.45 16.47 83.53
62.45 37.55 16.41 83.59
62.51 37.39 16.5 83.5
62.89 37.11 16.66 83.34
62.88 37.12 16.66 83.34
62.59 37.41 16.49 83.51
62.59 37.41 16.9 83.51
63.09 36.91 16.78 83.22
63.32 36.68 16.98 83.08
63.25 36.75 16.88 83.12
62.95 37.07 16.70 83.30
62.7 37.30 16.55 83.50
62.55 37.45 16.46 83.54
62.27 37.73 16.3 83.70
63.15 36.85 16.82 83.18
63.16 36.84 16.83 83.17
Average 62.81+0.31 37.19+0.31 16.65+0.20 83.38+0.20
62.69 at.% Si Sample (Phase 2) at.% Si at.% U wt.% Si wt.% U
49.83 50.17 10.49 89.51
50.30 49.70 10.67 89.33
49.95 50.05 10.53 89.47
50.15 49.85 10.61 89.39
50.50 49.50 10.75 89.25
49.46 50.54 10.35 89.65
50.78 49.22 10.85 89.15
50.57 49.43 10.77 89.23
50.34 49.66 10.68 89.32
50.46 49.54 10.73 89.27
50.47 49.33 10.84 89.19
50.81 49.19 10.86 89.14
49.99 50.01 10.55 89.45
50.66 49.34 10.81 89.19
49.65 50.35 10.42 89.58
50.57 49.43 10.77 89.23
Average 50.28+0.39 49.71+0.40 10.67+0.15 89.33+0.15
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100 pm 100 pm

Fig. 3.1. SEM backscatter images of the U/Si = 5/4.23 sample. The as-cast (a) and annealed (b) sample.
Magnification 500x and an acceleration voltage of 20.0kV. Phases identified by EDS analysis.

100 pm 100 pm

Fig. 3.2. SEM backscatter images for the U/Si = 2/3.36 sample as-cast (a) and annealed (b).
Magnification 500x and an acceleration voltage 20.0 kV.
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Fig. 3.3. XRD pattern for the U/Si = 5/4.23 Si samples-cast (bottom) and annealed (top), indexed with
PDF-01-081-2241 for UsSi; (red) and PDF-01-082-0854 for USi (blue) [47]. Note that the background is
subtracted from the as-cast pattern.
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Fig. 3.4. XRD pattern for the U/Si =2/3.36 sample indexed with PDF-01-082-0854 for USi (red) and
PDF-01-071-3912 for UsSis (blue) [47].

The DFT-computed energy of formation for relaxed UsSis (U20Siis) and U.Siz are compared to
those of UsSi», USi and UsSis proposed by Noel et al. [40] in Fig. 3.5. The relaxed UsSis (U20Sii6) agrees
with the structure reported by Noel et al. [40] and lies on the U-Si convex hull implying the phase is
energetically stable at the 0 K. The lowest energy structure for U;Sis has a P6/mmm space group, however
its energy is above the convex hull, indicating that this phase is energetically unstable. Phonon calculations
suggest that both the UsSis and U,Siz phase are dynamically unstable, i.e., they have imaginary (negative)
phonon frequencies, as seen in Fig. 3.6. A closer look at the negative phonon modes show that the UsSis
can be stabilized by introducing interstitial atoms at the 3g [(0.5, 0, 0.5), (0, 0.5, 0.5), (0.5, 0, 0.5)] sites,
between the U atoms. On the other hand, the negative phonon modes of the U,Sis causes distortion of the
structure in all directions, indicating that (1) a lower symmetry structure is dynamically more favorable or
(2) U2Sis will dissociate forming two different phases.
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Fig. 3.5. Enthalpy of formation for relaxed U.Sis and UsSis phases. A UxSiss unit cell was used for the
UsSis phase, and its crystal structure (right) agreed with the experimentally reported structure of Noel et
al. [23].
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Fig. 3.6. Phonon density of states (DOS) and the contribution from the U (red) and Si (blue) atoms to the
phonon DOS of the UsSis (a) and U;Sis (b), calculated using Uer = 1.5 eV.
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The final goodness of fit, x? and Rwp at each temperature for the Rietveld analysis of the neutron
diffraction spectra for U/Si = 1/0.98 are listed in Table 2.2. The U/Si = 1/0.98 sample was single phase with
no unidentified peaks in the diffraction pattern, with the refinement results from the high resolution (144°)
and the medium resolution (90°) detectors at room temperature and 1100 °C provided in Fig. 2.7 with the
simultaneously refined data from the 120°, 60°, and 40° detectors omitted. Although good agreement was
obtained between the calculated and experimental spectra, there were observed differences in the intensities
and the profile shape of the peaks.
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Fig. 3.7.Rietveld fit for the U/Si = 1/0.98 sample. At 1100°C (a,b) and 30°C (c,d) from the high
resolution 145° (a,c) and medium resolution 90° detector rings (b,d). The raw data points are shown in
red and the calculated profile as green solid curve. The modeled 14/mmm USi is indicated by the black
tick marks and the difference curve (Yoos-Ycalc) is the solid purple curve.

The crystal structure of the U/Si = 1/0.98 sample at room temperature is overlaid with the difference
Fourier map in Fig. 3.8. The lattice parameters and cell volume are plotted in Fig. 3.9 as a function of
temperature with the unit cell parameters fitted with a second order polynomial. There are 6 uranium atoms
occupying the 4e, 8f, 8j, 16n, and 16m Wyckoff sites and 8 silicon atoms occupying the 2a, 4c, 4e, 8h, 16n,
and 16m Wyckoff sites. The silicon atoms on the 2a and 4e sites both have partial occupancies from our
refinement of 0.69(2) and 0.41(2), respectively, with Rietveld refinement indicating an UssSis7 (USio.99)
stoichiometry, in agreement with the composition determined during synthesis (Table 3.1). The Wyckoff
sites and atomic positions for each atom in U/Si = 1/0.98 from our Rietveld refinement are provided in
Table 3.4. The atomic displacement for U and Si atoms are plotted in Fig. 3.10 and Fig. 3.11, respectively.
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Table 3.4. Wyckoff sites, atom position, and site occupancies for the USi structure from the 30°C
diffraction spectra.

Atom Type | Wyckoff Position X y z Site Occupancy
Ul 4e 0 0 0.2580(2) 1
u2 8f 0.25 0.25 0.25 1
u3 8j 0.2660(2) 0.25 0 1
U4 16n 0 0.2607(2) 0.06181(7) 1
us 16n 0 0.3573(2) 0.19268(9) 1
ué 16m 0.3137(1) 0.3137(1) 0.11595(8) 1
Sil 2a 0 0 0 0.69(2)
Si2 4c 0 0.5 0 1
Si3 4e 0 0 0.0892(7) 0.41(2)
Si4 4e 0 0 0.4264(3) 1
Si5 8h 0.2318(3) 0.2318(3) 0 1
Si6 16n 0 0.2593(4) 0.3014(1) 1
Si7 16n 0 0.3828(3) 0.3988(1) 1
Si8 16m 0.1279(2) 0.1279(2) 0.1576(2) 1

R o 5 2308
(“)V N “?o ® Uatoms v ~

n'.f R o _:f‘ @ Siatoms

Fig. 3.8. The refined crystal structure of USi (I14/mmm) (a) overlaid with the crystal structure is the
difference Fourier map for ~60% of the maximum density (yellow positive difference, blue negative
difference). The uranium atoms are shown in red, while Si atoms are shown in blue. Some of the Si atomic
sites are partially occupied shown by the white space. (b) A different view of the USi structure with the
supercell more evident.

The thermal expansion and the resulting determined coefficient of thermal expansion (CTE) are
provided in Fig. 3.12 and illustrate anisotropy in the thermal expansion of USi, where the a- and c-lattice
parameter increase by approximately 1.2% and 3.4% respectively over the temperature range, while the
volumetric expansion was ~1.7% from room temperature to 1100°C. The fitted CTE, a, and relations for
the a- and c-lattice parameters are provided in Eq. (3.1) and (3.2).
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Fig. 3.9. Lattice parameters and unit cell volume as a function of temperature for U/Si = 1/0.98.
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Fig. 3.10. Anisotropic atomic displacement parameters U;; as a function of temperature. Ui1, U and Uss
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the thermal motion in the a-b and a-c planes, respectively. Note the different scales for the y-axis.
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Fig. 3.11. Isotropic atomic displacement parameter Uiso as a function of temperature for Si atoms.
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3.3. U-Si Phase Relations Evaluation

Based on the experimental and computational results of this and related studies [40, 47, 48] the
U,Sis cannot be considered an equilibrium phase in the U-Si system. The U,Sis phase was reported by
Kaufmann et al. [38] and the details of the experimental technique was not presented.

The sample with composition U/Si = 5/4.23 (45.83 at.% Si) should have provided indications of
the UsSis phase first reported by Noél et al. [40], however, it was found to containUSio.g (USi structure)
and UsSi1e3 (UsSiz structure), suggesting that UsSis is not an equilibrium phase in agreement with other
experimental studies [13, 38, 47-50]. The result is further supported by the DFT calculations, where
although the phase may have a small but sufficiently negative free energy of formation at OK, the computed
phonon spectra suggest that it is dynamically unstable.

It is possible that the UsSis compound is a metastable phase and thus it was observed in samples
that did not achieve equilibrium, or that it was stabilized by one or more impurities. The report of a UsSis
phase by Berche et al. [37] is dismissed due to the inconsistency of their DTA measurements. Given that
there is a stable isostructural ternary phase, U20Si1sCs (P6/mmm), it is possible that the experimentally
reported UsSi4 could be stabilized by contaminant oxygen or carbon, which is plausible as there are several
reported U-Si-containing ternary phases (UsSisO, UsSi>C,, UsSisFe, and USizFegs) [44, 51, 52].

The structure of the USi phase from room temperature to 1100°C is tetragonal with the 14/mmm
space group, in agreement with Bihan et al. [44]. The sample with a composition slightly less than U/Si =
1/1 (i.e., U/Si = 1/0.98) did not allow formation of UsSis, suggesting a narrow if any homogeneity range
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for the phase. A unit cell containing 68 uranium atoms and 67 silicon atoms is proposed, indicating a
stoichiometry of USio.gs+0.4. In their work, Bihan et al. [44] were only able to refine one of the eight Si sites,
whereas in this study all possible Si sites were considered, and where two of the Si sites, 2a and 4e, were
found to be only partially filled.

Thermal expansion in the USi structure is observed to be anisotropic, with greater expansion along
the c-direction. The volumetric expansion was found to be ~1.7% from room temperature to 1100 °C, which
is in good agreement with White et al. [50], who measured the thermal expansion of USi using dilatometry
to be ~2.0% at 1100 °C.
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4. Assessment of U-Si Thermodynamics and Phase Equilibria

To better understand the U-Si phase equilibria and produce necessary data for an assessment,
computational and experimental analyses were performed over the UsSi,-USi; phase region. The FactSage
thermochemical software and database package [53] was used to perform a CALPHAD (Calculation of
Phase Diagram) optimization of the U-Si system resulting in a self-consistent database, which was used to
calculate the equilibrium phase diagram and other thermodynamic properties.

The U-Si phase equilibria was previously assessed in 2009 by Berche et al. [37] and again in 2016
by Wang et al. [24], using the CALPHAD methodology. In their assessment, Berche el al. [37] did not
account for the following in their optimization:

e The allotropic phase transition at 770 °C for the UsSi phase determined by Kimmel et al.
[54] and was confirmed by Dwight [55] and Remschnig et al. [10].

e The UsSi4 phase discovered by Noel et al. [40] and the USi. phase by Brown and Norreys
[38].

e The solubility of U in silicon at high temperatures and the homogeneity ranges proposed
for U38i2, U38i5, and USil,ss [48].

Furthermore, new calorimetric measurements for the heat capacities of the UsSi, USi, UsSi, and UsSis
phases [13, 16, 50, 56] and enthalpy of formation for the USi (tetragonal structure), UsSiz and UsSis (63.10
at.% Si) phases [57] occurred after their assessment, which prompted the re-assessment by Wang et al. [24].
Although Wang et al. [24] included the USi» and UsSis phases in their assessment, they suggested further
experimental work was needed to determine if these phases were in equilibrium or if they were metastable
phases. Like the assessment by Berche et al. [37], Wang et al. [24] represented the UsSi, and the UsSis
phases as line compounds and new experimental measurements were made after their assessment. In this
work, before the optimization was performed, the non-stoichiometry of the UsSi, and UsSis phases and the
stability of the UsSis were determined.

The non-stoichiometry of the UsSi, phase was determined by high temperature neutron analysis
and DFT predictions of point defect concentration and formation energies and was discussed in Chapter 3.
Experimental results indicated that UsSi».01 was indeed single phase from room temperature to 1100 °C and
DFT predicted that interstitial Si concentration can lead to non-stoichiometry in UsSi, in a U-rich (i.e. in
equilibrium with UsSi), Si-rich (equilibrium with USi), and near stoichiometric environment. Middleburg
el at. [14] also showed the non-stoichiometry in UsSiz (UsSi1g7 to UsSizes) starting at 1000 °C using only
the enthalpy of formation and applying a scaling factor. Therefore, in this work, the UsSi, phase is modeled
as a nonstoichiometric solution phase.

The phase stability of the UsSis phase was investigated experimentally by using XRD, SEM-EDS,
and Rietveld refinement techniques as detailed Section 3 of the current report. It was verified
computationally by phonon density of state calculations and by the energy of formation relative to all other
potential phases [22]. The formation energy of UsSis phase was located only 2 meV above the convex hull
yet was dynamically unstable. This suggested that, depending on the experimental technique, it may be
possible to form it as a metastable phase. Since both experimental and computational analyses are in
agreement regarding metastability of UsSia, it was not included in our optimization of the phase diagram.

Work described in Section 3 indicates the UsSis composition can range from 62.4 < at.% Si < 64.
A sample with the composition 64.63 at.% Si contained USis, UsSis, and USiy g4 in the as-melted condition;
however, after annealing the composition equilibrated to single-phase USi1ss. Compositions greater than
64.63 at.% Si were a two-phase mixture of USiyssand USis. Therefore, the USi1 g4 will be modeled as a line
compound while UsSis will be modeled as a solid solution.
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4.2 CALPHAD Methodology

CALPHAD [58] method is a commonly used for calculating phase diagrams and predicting
thermodynamic properties of a given system through critical assessment of available experimental and/or
theoretical data. The CALPHAD method uses mathematical models with adjustable parameters to represent
Gibbs energy functions of the phases as a function of temperature, pressure, and composition and calculates
the thermodynamic equilibrium by minimizing the Gibbs energy of the system [59, 60]. These functions
are stored in a database and are used to calculate phase diagrams and thermodynamic properties. These
databases are constructed by incorporating phase diagram data, thermochemical data, and physical and
crystallographic properties of the phases [61].

The first step in the CALPHAD method is to perform a thorough literature search and critically
evaluate all the available data. The type of data to search for include; (i) experimentally measured
thermodynamic quantities such as enthalpies and heat capacity data, (ii) the phase diagram data such as the
liquidus temperatures and the phase transition reactions, (iii) crystallographic information of solid phases
[62], and first-principles calculations of total energies [63]. When evaluating the experimental data, critical
attention is payed to the experimental technique, experimental conditions, sample purity, quantities
measured, phases present within the system, and accuracy of the measurements as there are many types of
equipment utilized to collect the same information. First-principles data are normally used when there are
no available experimental data. During the literature search, the possibility of finding previous assessments
for the system of interest exists. In such cases, careful examination of the Gibbs energy models used for
describing the system is necessary as it may be possible to improve the system. The second step is to develop
a mathematical model for G (T, P, composition) for each phase (liquid, solid phases, gas ...) and to optimize
model parameters simultaneously using all available thermodynamic and phase equilibrium data obtained
from the first step. The third step is to use the models to calculate phase diagrams and other thermodynamic
properties by minimization of the Gibbs energy. The fourth and final step is to use the calculated phase
equilibria to develop a database.

4.3.  Thermodynamic Models

The Gibbs energy of a phase can be expressed as follows:

G = "G+ G+ "G+ PGy, 41
G = —TS 4.2
where "G, is the “surface of reference”, which represents the Gibbs energy of the mechanical mixture of
the constituents of the phase. “Gm is the contribution of configuration entropy to the Gibbs energy. T is the
absolute temperature in Kelvin and “S is the configuration entropy, which is determined by the number of
possible arrangements of the constituents in a phase. EGn, is the excess Gibbs energy, the Gibbs energy
change from the ideal solution to the real solution. PG, represents the Gibbs energy contribution of
physical phenomena, such as magnetic transitions.

4.3.1. Gas Phase

The gases in the U-Si system are Sy, Uy, Sizg) and Sisg) gases. The Gibbs energy functions for the
gases are taken from the SGTE database compiled by Dinsdale [64].
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4.3.2. Elements

The molar Gibbs energy °G; of a pure element i in a phase at Temperature and pressure of 10° Pa,
relative to the “Standard Element Reference” H;ER, is described by a power series such as:

°G; — HyER = ay + a;T + a,TIn(T) + azT? + a4T3 + asT 1+, T, <T < T, 4.3

a1, a, as, ... are coefficients, HyER is the enthalpy of the pure element i in its reference state. Since the
Gibbs energy has no absolute value, it is necessary to refer the Gibbs energy of all phases to the same
reference point for each element. It is common practice to choose the reference state to be the most stable
phase at 298.15 K, 10° Pa. the temperature of T, and T determines the range of the power series.

In this work, the molar Gibbs energy of the pure uranium and silicon are the recommended SGTE values
compiled by Dinsdale [64].

4.3.3 Stoichiometric Phases

The molar Gibbs energies for stoichiometric phases can be described by

OGT = OHT - TOST 4.4
o _ A298.15K1;° T
Hr =A Hf + f298.15 K deT 45
oc _ A298.15K ° T
Sy =A S¢ + [105.15 x(Cp/T)AT 4.6

4.3.4. Two Sublattice Partial lonic Liquid (TSPIL) Model

The partially ionic two sublattice model [60] is used to model liquid phases as:
(Cl.+”i)P(AJ._vj,VaB,8)Q where C, A, VA and B denotes cation, anion, vacancy, and neutrally charged
specie, respectively. Charge neutrality necessitates that Q and P vary such that:

P =X avays + Qyva 4.7
Q= XcveYe 4.8
vaand ya are the charge and site fractions of the anion species and vc and yc are the charge and site fraction

of the cation species C, respectively.
The Gibbs energy of an ionic  liquid can be expressed as:

Gm = ZZYCi YAiOGCi:Ai + Q(YVaZYCi OGC,: + ZyBk OGBk) + 4.9
RT [P 2y, Inyc, +Q (E Ya; ya; + yva Inyyva + X s, lnysk)] + “Gp

where °Gc..4, is the Gibbs energy of formation for vi + vj moles of atoms of the endmembers CiAj while
°Gc,.a; and °Ge,.4, are the formation values for Ci and Bx.
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4.3.5. Solid Solutions

The compound energy formalism (CEF) was introduced by Hillert [65] to describe the Gibbs
energy of solid phases with sublattices. These phases have two or more sublattices and at least one of these
sublattices has a variable composition. Ideal entropy of mixing is assumed on each sublattice. This model
is generally used to model crystalline solids; but, it can also be extended to model ionic liquids.

Here, a solution phases with two sublattices, (A,B)a(C,D)b, will be used as an example to illustrate the
compound energy formalism. In this model, components A and B can mix randomly on the first sublattice,
as do the components C and D on the second sublattice. a and b are the corresponding stoichiometric
coefficients. Site fraction y; is introduced to describe the constitution of the phase and is defined as follows:

%

N

Yi = 4.10

E

n; is the number of component i on sublattice (s) and Ns is the total number of sites on the same sublattice.
When vacancies are considered in the model, the site fraction becomes:

S

yi = —— 4.11

S S
Nya+t2in;

ny 4 is the number of vacancies on sublattice (s). The site fraction can be transferred to mole fraction (x;)
using the Eq. below:

= s nSY?
X; T 412

When each sublattice is only occupied by one component, then end-members of the phase are produced. In

the present case, four end-members exist. They are A:Cy, AaDb, B.Cy and B.Dy. The surface of reference
"*'Gm is expressed as:

6 = Yy Gpc + ¥V Gap + ¥ G + ¥y Grop 4.13
The ideal entropy (“Sm) and the excess free energy are expressed as follows:

‘95 = —R[a(yilny} + yjlnyp) + b(yélnyé + ypinyp)] 4.14
5Gm = yivE(¥elapp + YbLlagp) + ¥ev3(Vilaco + YiLecp) 4.15

The binary interaction parameters L; ;.. represent the interaction between the constituents i and j in the first
sublattice when the second sublattice is only occupied by constituent k. These parameters can be further
expanded with Redlich-Kister polynomial as follows:

Lijax = Yo =¥V ¥ Lijk 4.16

In the case of a three sublattice model:

G = Xy Xy e yi'°Gijx + RT X X a®y? Inyi +5Gy, 4.17
B = iVl Zjy] Sk vi [Bisi vl Zv “Ligjac O = ¥1)” 4.18

F2si Y1 2w L O = YD + Rk vl By VLijaer Ok = vV
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4.4, Modeling U-Si Thermodynamics and Phase Equilibria

Summarized in Table 4.1 are the phases, with their crystal structure, space groups, prototypes,
composition, and the thermodynamic model of the U-Si phases studied in this work. The optimized
parameters for the compounds and solid solutions are provided in Table 4.2, and the phase diagram is
provided in Fig. 4.1.

Unlike the previous two models [24, 37], the liquid phase is modeled using the TSPIL model, where
the first sublattice contains the U** and Si** cations and the second sublattice is occupied by a neutral
vacancy.

(U, Si*)(vA) 4.18
This model was chosen because it is the mostly commonly used for modeling liquid phases and will
therefore make incorporation of other elements into the U-Si database (example fission product) a
straightforward process. The excess energy parameters from Berche et al. [37] were used for the initial
point and adjusted as necessary.

Table 4.1. Phase, crystal structure, and thermodynamic model used in this work.

Phase at.% Si Pearson Space Struktur-bericht Prototype iModel
Symbol Group designation
Liquid 0to 100 TSPIL
Bcc (U) 0to3 cl2 Im-3m Ab a-U CEF
Tetragonal (U) Otol tP30 P42/mm A2 B-U CEF
m
Orthorhombic 0 oC4 Cmcm A20 w R-K/Muggianu
®)
Diamond (Si) 100 cF8 Fd-3m Ad Cc R-K/Muggianu
(Diamond)
UsSi (High T) 75 cP4 Pm-3m L1z CusAu ST
UsSi (Low T) 75 t116 14/mcm ST
UsSiz ~40 to tP10 P4/mbm D5a UsSi2 CEF
~41.5
USi (UssSis7) ~50 14/mmm USi ST
UsSis ~61.5-~63 hP3 P6/mmm C32 AlB: CEF
USi1.84 64.5 t112 141/amd Cec ThSi2 ST
USis 75 cP4 Pm-3m L1, CusAu ST

'TSPIL is the two sublattice partially ionic liquid model. ST is stoichiometric compound and CEF is the
compound energy formalism. R-K/Muggiaun is the one sublattice Redlich-Kister Muggiaun solution
model.

The USis, USi1 a4, UssSis7, and UsSi compositions were modeled as stoichiometric phases. The USi
phase was previously assessed with the FeB-type structure; however, neutron diffraction confirmed that the
phase has a tetragonal structure with 14/mmm space group. Therefore, the phase was modeled to reflect this
information. The recent enthalpy of formation data collected in 2018 [66] for the USi phase with tetragonal
structure was used in the optimization. The composition of the USi»x phase was adjusted from USi1gs to
USiy s« to reflect the experimental findings [10].

The UsSisand UsSi, phases were modeled as a solid solution using the CEF model. The UsSi, phase
was modeled with 3 sublattices (U)3(S7),(Si, VA). Originally, a four sublattice model was applied to the
system based on Wyckoff positions of the atoms; however, the model was simplified by adding a third
sublattice to its stoichiometric representation (i.e., (U)3(Si),(Si,VA)). This is justified as the
nonstoichiometry in UsSi; is primarily driven by silicon interstitials defects (see Chapter 3). Modeling the
phase in this manner will facilitate modeling incorporation of light elements that are known to dissolve in
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the UsSi; lattice such as hydrogen and carbon forms a UsSi>X phase (X= H or C). All one would need to
do is add these elements to the third sublattice. The model can also be expanded on the first and second
sublattices, which will be useful for CALPHAD assessment of fission products with UsSi; fuel.

The UsSis phase was also modeled using CEF model with 3 sublattices, (U)3(Si)s(Si,VA).
Although, this phase could have been modeled using 2 sublattices by using the relationship; U3Sis = AlB,-
type USi,.x, modeling with the three sublattice was simpler as there is the ThSi,-type USi2 structure (i.e.,
USi1.a4) close in composition to UsSis, which makes the phase equilibria calculations more difficult.
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Fig. 4.1. U-Si Phase Diagram calculated from optimization of available experimental data. Both UsSi
and UsSis are represented with a homogeneity range.
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Table 4.2. Optimized thermodynamic parameters for the U-Si system.

Phase Thermodynamic Parameter (J/mol) Reference
iquid: (U*4 Liq _ pLiq  oyySER _ Lliq
ngllﬂ;j(v( X) ' Gyrava= Gy —°H v = Gy Egﬂ
G;:g-zt:VA = G;;q - ngfR = G;:q [37]
°Lytasi+ava = —185536.75 + 26.417124T [37]
Uy easisava = —98477.584 + 52.787132T This work
2Ly sasicava = 47133.465 — 10.794531T
BCC_A2 (U| G(B}C;/L::Z — chCAZ _ OH.IS']ER — chCAZ [64]
Si)(VA) BCCyp Diamond This work
Gorim = G2 +49999 + 22.5T 37]
DLU,SL':VA = —96136 807
Tetragogf’:;l_u: (Uy GTetragonal — Gzetragonal _ OHZER — Ggetragonal Eg?}
i Tet 1 Tet 1 i
Gsle ragona — GSlB ragona _ H§1ER — G?ilamond +4000 Thls Work
oLU,Si:VA = —78915.524
Orthorhombic_A20: Ggrthorhombiuzo = ojSER [64]
(U, Si) Orthorhombic _ ~Orthorhombic __ opySER _ pDiamond [24]
Gsi - Gsi HSi - GSl’ + 4. 2 .
°Lysiva = —78590 + 13.25T This Work
Diamond-_A4: (UY Ggiamtmd,“ — Ggrtharhambic,,zo +31860.9 + 0.2T This work
Si) G?iamond/n = oySER A [64] .
i L This wor
°Lysiva = —100000 — 18+ T
i D5Ayssiz _ ~D5Ayssi o o ;
UDSQ—U;SI\Z/'A Gusiva” = Gusiva® — 3°HIT® — 2°H3{® ) This work
( )3( )2( , ) = —-189929 — 36T + 3Glolrth0rh0mbch20
+2 G?iiamond,u
Ggi‘:lg{lsﬂ — Gll;i/:l?lslz _ BoH.lSlER _ 3°H§fR '
= —202967 + 7T + 3G "orhombicaz
+ 3GDiamondM
Si
oLU+4,Si+4-:VA = 1000 — 10.245T
1
LU 4.5i+4:VA = 32023 + 58.3232T
C32_UsSis: GD51‘§U351’5 — GDS/%U-;SiS l: BoH.lSlER _ Sngl'i'R This work
(U)a(Si)s(Si, VA) vsiva vsiva : orthorhombic,z
= —354955.897 — 30T + 3Gy,
+ 5GDiamtmdM
Si
635;111;31515 — Ggif‘:zgalns _ 3oH.lSIER _ 3°H§fR .
= —222204.02 + 116.89T + 3Gy "or"ombicao
+3 Gls)iiamondM
oLU+4-,Si+4:VA = 5000 — 205.297T
ULy sasisava = 90000 + 78.3232T
2
LU+4,Si+4:VA = 9800 + 10.215T
UesSie7 Guessic7 = Guegsier — 68°HIER — 67°HIER This work
= —-56410000.288 — 672.027T
+ 6860rthorhombicA20 + 676Diam0ndA4
U Si
U12Siz Guizsizz = Guizsinz — 12°H3FR — 22°HSER This work
= —1544000.01007 — 55T
+ 12G(O]rthorhombic,;zo + chg.iamzmd,”
L
U3S| GU3Si = GU3Si - 3DH{IER - ngfR This work
= —1544000.01007 — 55T + 3Gy "ortombicao
+ G?iiamundA4
AH*F = 12600 @ 1043K
USis Gussi = Gysis — 3°HY™® — °H{" This work

Orthorhombi
= —-99650.289 — 16.79T + Gur orhombiczo
+ 3G?iiamundA4
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45, Discussion

The U-Si phase equilibria was modeled using the CALPHAD methodology and for the first time
the UsSizand UsSis phases were modeled as nonstoichiometric phases using the CEF 3 sublattice model.
The optimized diagram is displayed in Fig. 4.2 and is compared to experimental data and calculated
diagram by Berche el al [37]. The diagram is in good agreement with respect to melt point and the
terminal solutions. Table 4.3. provides the invariant reactions obtained from the optimized Gibbs energy
and are compared to reported values.

Table 4.3. Invariant reactions in the U-Si system calculated in the work and compared to literature
values.

. Reaction Temperature Composition
Reaction Type °C) (at. %U) Reference
liquid & U3Sis Congruently 1770+ 10 375 [38]
melting ~ 1700 375 [19]
1773 375 [24]
1762 38 This work
aU;Si & BU5Si Allotropic 770 75 [55]
770 75 [24]
769.85 75 This work
liquid + U3Sis < USi Peritectic 1580 + 10 375 50 [48]
1576 ~50 375 50 [24]
1597.4 51 38.3 50.4 This work
liquid & Us3Si, Congruently 1540 + 10 60 [48]
melting 1665 60 [38]
1664 60 [24]
1618.9 59.1 This work
liquid + U3Sis < USi;gg Peritectic 1710+ 10 375 34.7 [48]
1715 285 375 34.7 [24]
1706.54 30.2 379 35.3 This work
liquid & bcc U + U3Si, Eutectic 985 92.1 98.4 60 [38]
985 88.5 98.2 60 [24]
982.5 88.6 97.8 59.8 This work
BU3Si & bee U + UsSiy Eutectoid 930 75 98.2 60 [38]
929 75 98.6 60 [24]
liquid & dia.Si + USis Eutectic 1315 10.7 1.4 25 [44]
1317 9.7 11 25 [24]
1335.71 10.6 0.014 25 This work
tetra U + aU;Si Eutectoid 665 ~100 75 ~100 [38]
o orthoU 665 ~99.4 75 ~99.5 [24]
liquid + USi; gg < USis Peritectic 1510+ 10 19.1 347 25 [48]
1511 17.8 34.7 25 [24]
1560.43 225 353 25 This work
bcc U + aU3Si © tetra U Eutectoid 795 98.6 75 97.7 [38]
794 99.4 75 98.7 [24]
784.24 99.2 75 98.8 This work
liquid < U3Si, + USi Eutectic 1583.2 53.8 59.0 50.4 This work
liquid & dia.Si Melting 1425.26 0 This work
liquid < bcc U Melting 1134.84 100 This work
bcc U + U3Si, < UsSi Eutectoid 920.06 98.3 59.8 75 This work
tetra U + U3Si, < UzSi Eutectoid 769.85 98.8 59.9 75 This work
tetra U © ortho U + U3Si Eutectoid 655.99 99.2 99.7 75 This work
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Fig. 4.2. U-Si phase diagram calculated in the work (black) and super-imposed with the one from Berche
et al. [37]. The markers are experimental point from [24, 48, 55].

Displayed in Fig. 4.3 is a zoomed in region of the UsSi, (a) and UsSis (b) phases. The UsSi, phase
is modeled with a homogeneity range of UsSiigsto UsSizes, which is in agreement with the neutron and
experimental results of this work; however, it disagrees with the work of Middleburgh et al. [14] at low
temperatures (l.e., any temperature below 1000 °C). Further experimental work is suggested on samples
with a wider homogeneity range to determine the exact width of the solubility range. However, this work
shows that modeling the UsSi; phase with the 3 sublattice model is sufficient enough to mimic the
experimental composition. Furthermore, it will serve as a starting point for incorporating elements with the
affinity for dissolving into UsSi..

Experimentally, it has been shown that the UsSis phase can exist between the 62.5-63.4 at.% Si
phase region; however, since it exists with an unknow phase, the exact composition of the phase is
unknown. Although the phase diagram showed an overall good agreement with experimental data, the
model for this phase could use further optimizing as the composition range (Fig. 4.3) is narrower than the
experimental composition. However, before further optimization of the phase, further experiments and
computational analysis would prove useful for understanding the nature of the phase transition associated
with the composition.
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Fig. 4.3. Zoomed in region of the UsSi (a) and UsSis (b) phase regions.

Table 4.4. Comparison of Enthalpies of formation for various U-Si phases.

63 64 65 66
at.% Si

Phase AHs (kJ/mol-atom) 298K Method References
USis -33.02+0.13 Direct comb. Calorimetry [67]
-32.19+0.84 Tellurium calorimetry [67]
-35.63+4.18 Activity meas. [68]
-32.60 Estimation [69]
-32.90 Modelling [37]

-32.90 CALPHAD This work
USi, -43.47 £0.42 Direct comb. Calorimetry [67]
-42.64 £1.25 Tellurium calorimetry [67]
-43.89 +4.18 Activity meas. [68]
-43.19 Estimation [69]
-43.33 Modelling [37]

-45.12 CALPHAD This work
UsSis -44.26 Estimation [69]
-42.9 Modelling [37]
-43.8+9.0 Oxidative drop calorimetry [66]
USi -40.13+0.84 Direct comb. Calorimetry [67]
-43.47 £ 1.67 Tellurium Calorimetry [67]
-41.8+4.18 Activity meas. [68]
-42.22 Estimation [70]
-41.18 Modelling [37]
-43.2+6.2 Oxidative drop calorimetry [66]

-41.78 CALPHAD This work
UsSi -33.2+31 High Temp Drop calorimetry [66]
-33.86 £ 0.42 Direct comb. Calorimetry [71]
-35.95+3.34 Activity meas. [69]
-34.11 Estimation [68]
-34.32 Modelling [37]
UsSi -26.02+4.8 Fluorine bomb calorimetry [70]
-22.99 Estimation [69]
-24.93 Modelling [37]

-24.91 CALPHAD This work
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5. Compatibility of UsSi, Fuel with Zr-, FeCrAl- and SiC/SiC-Based Cladding

The reassessment of U-Si phase relations described in the previous section was utilized in the effort
to understand potential interactions between UsSi; and cladding materials together with the reported
relevant binary and ternary systems. For the Fe-Si system the stoichiometric compounds FesSis, Fe;Si, FeSi,
FeSi> and FesSi; were considered. Solid solutions on the Fe-rich side have both fcc and bcc crystal
structures, with significant Si solubility (up to almost 25 at.%) in bcc-Fe, where the fcc phase is restricted
by a y-loop. A Fe-Si phase diagram based on the thermodynamic assessment of Lacaze and Sundman [72]
is presented in Fig. 5.1.

T T T T T
2800 |- .
2300 Liquid .
1800 .
<
=
5i FesSi
1300 [/ Feadi P .
FeESig
FeSi |
800 | Febi, 7
\
300 . L . I I . ! .
0 0.2 0.4 0.6 0.8 1
Sil(Fe+Si)

Fig. 5.1. Computed Fe-Si phase diagram based on Lacaze and Sundman [72].

The U-Fe phase diagram contains two stoichiometric intermetallic compounds, UFe; and UsFe,
which have a low eutectic temperature of ~805 °C. There is limited solubility between the metals. A
computed phase diagram based on Chatain et al. [73] is seen in Fig. 5.2.

58



2800 .

Liquid
2300 | .

1800 | A

3
=
1300 \
bt
800 - -
UesFe
¢ UFE,
300 . . . . . . . , .
0 0.2 0.4 0.6 0.8 1

Fel(U+Fe)

Fig. 5.2. Computed U-Fe phase diagram based on Chatain et al. [73].

The U-Si-C ternary system is well-studied with a recent thermodynamic assessment performed by
Dupin[74]. It is characterized by the stability of two ternary phases UsSi>C, (14/mmm) and UxSiisCs
(P6/mmm), with extended solubility of carbon (~4 at.%) in UsSi,. Despited the current thermodynamic
assessment some uncertainties remain, such as a homogeneity range in UsSi.C; that could extend to UsSi,Cs
that was not considered by Dupin.

Use of ferritic (FeCrAl-based) cladding alloys requires understanding the thermodynamics of the
U-Fe-Si system. The phase equilibria has been experimentally investigated by Berthebaud et al. [75] and is
a complex assemblage of stoichiometric compounds (7) and solid solutions (4) identified at 900°C:
UsFeSis(AIB2-type), UFe.Si» (AlsBa-type), UsFesSi; (LasCo.Sns-type), UsFesSi(MgZng-type), UFe1oxSix
(Tthlg-type), UFeSi (T|N|S|-type), U1_2F6‘4Si9_7 (Er1_2F64Si9,7 type), U2F638i5 (LUzCOgSis-type), U2F638i5
(Lu2CosSis-type), UzFe174Six (Th2N17-type) and UFeosSi> (CeNiSi2-type). Significant amounts of alloying
chromium and aluminum in the ferritic alloy will further increase the complexity of the system, shifting
phase boundaries. While the extensive effort to obtain U-Fe-Si phase equilibria has provided a worthwhile
ternary diagram (Fig. 5.3), there are no reports of ternary phase thermodynamic measurements and reported
free energies.
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A recent experimental study of compatibility of UsSi, with a FeCrAl alloy was performed by
Hoggan et al. [76] at <1000°C. Their results indicated significant interactions only at the highest
temperature they investigated, 1000°C, with formation of UFe; and the ternary phases UFeSi and U;FesSi.

The binary systems U-Si and U-Zr are well studied with accepted phase equilibria. The same is
not true for the U-Zr-Si system, for which no ternary phases are reported. He et al. [77] performed a
compatibility study of UsSi, fuel with Zircaloy-4 and under the conditions of the current study (1000°C)
observed the main interdiffusion products Zr;Si, UsFe, U-Zr-Fe-Ni, U-Zr, and U.

20 40 Fe
U, Fe

Fig. 5.3. Experimentally determined U-Fe-Si phase diagram by Berthebaud et al. 2008; A=UFeSis.
B=UF62Si2, C=U3F625i7, D=U2Fe38i, E=UF612-xSix, F=U2Fe17-XSiX,G=UFeSi, H=U1_2Fe4Sig,7, |=U2F638i5,
J= UF65Si3 ,K= U6F6168i7
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5.1. Methodology
5.1.1. Experimental

The UsSi, material for the current effort was prepared from depleted uranium (Los Alamos National
Laboratory, 99.98%) and elemental silicon (Sigma Aldrich, 99.99%) by arc-melting using facilities at the
Fuel Research Laboratory at Los Alamos National Laboratory [49]. Arc-melting was conducted inside a
glovebox maintained at an oxygen and H2O level <0.1ppm. Additionally, a copper getter brought the argon
gas purging the arc-melter down to 10°° ppm oxygen. The samples were arc-melted 5-6 times to ensure
homogeneity and subsequently transferred to the General Atomics Center at the University of South
Carolina.

Chemical vapor deposition (CVD) SiC (B-phase) (Morgan Advanced Ceramics, Ultra-pure
99.9995%) was used in the diffusion couples as being representative of SiC-SiC composites as these are
expected to be produced via chemical vapor infiltration (CVI) and thus will have a CVS SiC surface in
contact with the fuel. For experiments using mixed powders, 3-SiC powder (Alfa Aesar, 99.8% purity) was
employed. The powder particle size was ~1 pm with a reported surface area of 11.5 m?/g.

A FeCrAl-based alloy foreseen as a likely cladding candidate was selected for the current effort
and had a nominal composition of Fe-12%Cr-6%Al-2%Mo0-0.2%Y,0; (wt.%). Sample material was
prepared and supplied by Oak Ridge National Laboratory (chemical analyses provided in Table 5.1). The
alloy will hereafter be referred to as FeCrAl.

Interactions of UsSi, with Zircaloy-4 were also investigated for comparison of cladding
performance. Zircaloy-4 alloy was acquired from American Elements Co. as rod ingot with a diameter of
3.18 cm and length of 20 cm, with the provided analysis in Table 5.2.

Table 5.1. Chemical analysis of FeCrAl alloy (%wt).

Element Content (W1.%)
Aluminum 6.11%

Carbon <0.01%

Suffer <0.005%
Chromium 12.18%
Molybdenum 2.04%

Silicon 0.2%

Yttrium 0.04%

Sections of UsSiy, FeCrAl, SiC and Zircaloy-4 (~2 mm thickness for fuel and ~1 mm for cladding
material) were cut using a precision, diamond blade saw. The samples were ground and polished, which for
UsSiy, FeCrAl and Zircaloy-4 was performed with #600 and #1200 mesh silicon carbide paper. The CvVD
SiC was ground using diamond lapping plates of #600, #1200, #1800 mesh. All materials were sequentially
polished using 9 um, 3 um, 1 um and 0.25 pm diamond suspensions. The final polishing (1 wm and 0.25
um) was conducted inside of a controlled atmosphere glovebox to minimize the formation of an oxide layer.
The UsSi,/SiC, UsSio/FeCrAl and UsSiz/Zircaloy-4 diffusion couples were fixed in a molybdenum jig (hand
tightened) prepared inside the glovebox. Tantalum foil was interposed between the molybdenum plates and
the samples to avoid potential reactions (Fig. 5.4).
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Table 5.2. Chemical analysis of Zircaloy-4 alloy (%owt).

Element Content
Titanium 0.012%
Tin 1.45%
Carbon 0.018%
Iron 0.21%
Nitrogen 0.0076%
Chromium 0.091%
Hydrogen 0.001%
Hafnium 0.0003%

Fig. 5.4. Diffusion couple fixed in a molybdenum-jig inside a glovebox.

Immediately after assembly the samples were transfered to a controlled atmosphere, resistance-
heated tube furnace (CM 1730-12HT) for treatment (1000°C - 1200°C). High temperature exposures were
for times of 10 or 100 hours in flowing argon purified using a GEN’ Air oxygen pump (SETNAG) to reduce
the gas to 10°%° ppm O,. Additionally, the jig was wrapped in tantalum foil to getter residual oxygen.

To understand the potential for more extensive interactions in the UsSiz/SiC system, samples
prepared from powder materials were also evaluated. The powder used was a 1:1 molar ratio of mortar and
pestle-ground UsSi; and the Alfa Aesar® B-SiC. The powders were blended manually (~ 1 g) and taken to
temperature in a simultaneous thermal analyser (STA-409 Netzsch). Exposures were up to 1400°C for 2h
using a heating rate of 5°C/min under flowing purified argon (as described for the diffusion couples). The
system was used in differential scanning calorimetry mode and the thermal cycle was repeated twice to
obtain a base line for correction and detection of the onset temperature of reactions.

Characterization included electron microscopy with phase composition determined by energy
dispersive spectroscopy (EDS) using a Tescan Vega 3 scanning electron microscope (SEM) and a Zeiss
Ultra plus field emission SEM (FESEM) (Fig. 5.5). Powder X-ray diffraction (XRD) analysis was carried
out using a Rigaku Ultima IV instrument with Cu-Ka radiation and a scan of 20-100° at 0.02°/s. Rietveld
analyses was performed using MAUD software[78].
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Fig. 5.5. Tescan Vega 2 SEM (a) and Zeiss Ultra plus FESEM (b) instruments used for sample
characterization.

5.1.2. Modeling
5.1.2.1. First principles calculations

First principles calculations using density functional theory (DFT) were performed with the Vienna
Ab initio Simulation Package (VASP) [79]. The electron exchange correlation was modeled using the PBE
approximation[80]. The strong correlation of the 5f electrons of uranium required the use of the DFT+U
method of Dudarev et al. [81]with an effective U of 1.5 eV[45]. The unit cells for UsSi, SiC and o-Fe
(representing FeCrAl) were fully relaxed using a cut-off energy of 600 eV and forces convergence and total
energy electronic convergence criteria of 0.01 eV/A and 10 eV, respectively. UsSi,, SiC and o-Fe
supercells were 2x2x4, 3x3x3 and 4x4x4, respectively. A y-centered Monkhorst-pack k-point spacing of <
0.02 At was used for each structure.

5.1.2.2. Thermodynamic modeling

Computational thermodynamics following the CALPHAD method was used to provide self-
consistent Gibbs energy functions optimized using relevant experimental data for a given phase and/or
structure[60]. The Gibbs energy functions are combined in a database for use in equilibrium calculations
for multi-component systems. Temperature dependent values for the pure elements were obtained from
the SGTE database [64] and expressed for a given phase ¢ for element x as:

0% = G® — HSER = q + bT + cT In(T) + dT?+eT3 + fT~1 + g, T" 5.1

where T is temperature in K. In Eq. 5.1 °G,‘f is the Gibbs energy of the element relative to its standard state,

G,‘f is the Gibbs energy of element x in phase ¢ and H3ER is the molar enthalpy of element x in its standard
element reference (SER) state at 298.15 K and 10° Pa (1 bar). In the case of the elements described here,
the standard state phases are a-U (orthorhombic), a-Fe (bcc) and Si (diamond).

63



Stoichiometric compounds for which there are no reported thermodynamic values have their Gibbs energy,
Gé’f,mp described by an expression that proportionally combines the values for the elements, adjusted as
required to fit observations with an expansion in temperature

Gomp = a+bT +cTinT + 3, x; °G? 5.2

where x; is the mole fraction of element i in the phase/compound @ and the coefficients a, b, and ¢ (when
applicable) are adjustable parameters.

The compound energy formalism (CEF) was used to model solid solutions (i.e., those with a finite
homogeneity range) by means of a sublattice model. A typical two sublattice model may be described by
(A,B)m(D,E)n, where components A and B mix on the first sublattice and D and E mix on the second
sublattice, which are typically exclusively cation or anion containing sublattices, that can also include
vacancies. The Gibbs energy includes a term for the reference energy, ideal mixing entropy, energy related
to a physical model (e.g., magnetic contribution) and excess mixing energy, which are, respectively, the
three right-hand terms below in Eqg. 5.3

GE = %% °G? + RT Lix;In(x;) + P°GP + EGP 5.3

where R is the ideal gas constant. The excess Gibbs energy results from interaction among components i
and j occupying the same lattice sites, and can be expressed as

EGh = %i jsixi % Xhey kL(ipj (x; — %)k 5.4

where "L‘fj are interaction parameters as described by a Redlich-Kister polynomial expansion[82] . The
interaction parameters represent additional adjustable parameters for fitting thermochemical data and
generally have the form

ki¢ _ kb, k¢
Lij— a;; + bijT 5.5

5.3.  Results and Discussion
5.3.1. Experimental
The diffusion tests were conducted in the CM 1730-12HT furnace for 10 h and 100 h at 1000 °C

and 1200 °C (Table 5.3). The results for each individual system are presented in the following sections.
Where test results are not indicated it is because no interaction was observed.
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Table 5.3. List of diffusion couple experiments with annealing times and temperatures.

Sample Temperature (°C) Time (hours)
UsSia/FeCrAl 1000 10
UsSiz/FeCrAl 1000 100
UsSia/FeCrAl 1200 10

UsSio/SiC 1000 100
UsSi2/SiC 1200 10

UsSi2/SiC 1200 100
UsSio/Zry-4 1000 100
UsSip/Zry-4 1200 10

5.3.1.1. Interaction between UsSi, and FeCrAl

The microstructures resulting from the interaction of UsSi; and FeCrAl alloy at 1200°C/10h and
1000°C/100h are shown in Fig. 5.6. Phase identification was based on EDS analysis. Significant interactions
were observed for both test conditions, resulting in interdiffusion layers with thicknesses of approximately
500um and 60um for 1200°C/10h and 1000°C/100h, respectively. Both samples show the presence of the
ternary phases UFeSi and UFe12«Six. Only in the sample annealed at 1200°C was the UzFesSi phase
observed, which appears as a layer within the interdiffusion zone. These phases appear to progressively
form as uranium and silicon are diffusing into the cladding material. At the interface between the
interdiffusion zone and UsSi, (area 1, Fig. 5.6a) the UsSi phase is observed, which indicates that the loss of
silicon from the fuel matrix occurs at a faster rate than uranium. The overall result is in general agreement
with the observations of Hoggan et al. (2018) of the ternary phases UFeSi and U,FesSi forming in samples
exposed at their higher temperatures of 800°C-1000°C. They also state only uranium transports into the
FeCrAl, noting indications of the formation of UsFe.

In the current work, the sample annealed at 1200°C/10h exhibits a eutectic phase in the
interdiffusion layer adjacent to the cladding (area 2, Fig. 5.6a). EDS analysis indicates this phase has a
composition close to UFe,, as also observed by Hoggan et al.[41], extending into the cladding matrix,
perhaps via grain boundary diffusion. This agrees with the report that at >1175°C y-Fe + Fe,U —liquid[75].
For both test conditions, the interdiffusion layer is seen as symmetric, indicating the diffusion process
occurs through mutual elemental exchange between the materials.
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Fig. 5.6. Backscatter electron micrographs of polished cross-sections of the UsSio/FeCrAl diffusion
couples held at 1200°C for 10 h (a) and 1000°C for 100 h (b). Illustration of the diffusion couple
orientation is shown for reference.

5.3.1.2. Interaction between UsSi; and SiC
The microstructures for the UsSi,-SiC diffusion couples annealed at 1200°C/10h and 1200°C/100h

are shown in Fig. 5.7. No significant reaction was detected for the sample annealed at 1000°C/100h, and
thus it is not shown. The couples separate during the disassembly of the jigs requiring individual analyses
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of the interfaces. The interaction between UsSi, and SiC was the least among the fuel-cladding couples
evaluated in the present effort. The interdiffusion layer is clearly within the fuel material, implying transport
from the cladding into the fuel matrix, which is significantly different from the mechanism for FeCrAl and
Zircaloy-4. In the fuel matrix it is possible to observe the presence of UsSis grains close to the interdiffusion
layer surface, with silicon thus diffusing from the SiC. No diffusion into the SiC cladding material was
observed, rather only degradation of its surface indicated by it becoming more concave.

To further investigate the phases formed in the representative SiC cladding surface, SEM
microstructure analyses and low angle XRD were performed (Fig. 5.8). It is possible to identify two
different morphologies (Fig. 5.8b): (i) Large particles with very regular surfaces (10-100pum) and (ii) fine,
dispersed material, mainly found in cavities in the SiC surface. Both phases are uranium compounds as they
appear in very bright contrast in the SEM images. The larger particles were analyzed by EDS and had an
average atomic composition of 52.7%U (+2.8) and 47.3%Si (+£2.7). This composition is close to USi, but
also possibly the ternary U»0Si16Cs as the low atomic number of carbon prevents it from being accessed by
EDS. The fine, dispersed phase could not be analyzed by EDS. Low angle XRD vyielded peaks that could
be related to B-SiC, UsSis, and UC (Fig. 5.8c¢).

(a)

SEM MAG: 2.01 kx WD: 15.00 mm Ll VEGA3 TESCAN| SEM MAG: 200 x WD: 8.00 mm | il VEGA3 TESCAN|
View field: 138 pm 2| View field: 1.38 mm Det: BSE 200 pym
SEM HV: 200 kV | Date(m/dly) 18 sc SEM HV: 20.0 kV | Date(m/dly): 05/24/18 usc

Fuel
Cladding

Diffusion couple

(b)

2
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A T A “ »
jyf'.l\l k"
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a |
ah N
SEM MAG: 3.50 kx WOD: 10.00 mm L (S g ufigSyigipay VEGA3 TESCAN| SEM MAG: 1.00 kx WD: 9.00 mm | VEGA3 TESCAN|
View field: 79.1 pm Det: BSE 20 pm View field: 277 ym Det: BSE 50 ym

SEM HV: 200KV Date{midly): 05/24/18 usc SEM HV:200kV  Date(m/dly): 05/24/18 usc

Fig. 5.7. Cross section of the UsSi, and SiC surfaces after exposure at 1200°C for 100 (a) and 10 (b)
hours.
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Fig. 5.8. SiC surface SEM micrography (a-b) and low angle XRD (c), for a sample annealed at
1200°C/100h.

It is speculated that the fine, dispersed particles are the UC identified in the low angle XRD patterns
as no other features in the SEM images could be so identified. To further investigate the nature of the
samples, high resolution SEM images were obtained (Fig. 5.9), revealing the presence of spherical features
adhered to the SiC surface. The spherical shape indicates coherent growth with the SiC matrix, and as UC
has a fcc lattice similar to that of SiC, it is consistent with such coherent growth. Additionally, the phase is
seen to be uranium rich based on the bright contrast found in the backscatter mode.
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Fig. 5.9. SEM micrograph of a SiC surface after interaction with U3Si2 at 12000C/100h.

The of 1:1 molar mixture of U3Si»:SiC powders was heated to 1400°C and held for 2h in the DSC.
Assuming the reactions are irreversible after achieving thermodynamic equilibrium, the samples were
subject to two identical thermal cycles, where the second cycle was seen to cause no further reaction. This
then provided a baseline for the identification of reaction onset temperatures. XRD analysis was performed
before and after the reaction to allow identification of the phases formed. The obtained results are shown
in Fig. 5.10 where the thermal trace of Fig. 5.10a indicates an exothermic reaction occurs at ~1135°C, in
agreement with the results of the diffusion couple study, and where no significant reaction was observed
for the sample heat treated at 1000°C/100h.
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Fig. 5.10. DSC heating profile of UsSi»:SiC (1:1 mol) as a function of temperature (a), Rietveld refined x-
ray diffraction pattern for the sample before (b) and after (c) thermal cycling.

The XRD analysis before the heating cycle shows major peaks for UsSi, and SiC. A minor amount
of USi (FeB-type structure) could be observed, likely the result of the arc-melting of that particular sample.
After the heat treatment, the XRD profile indicates UsSis, UC, and a minor amount of UxSiisCsz (~6%)
present. This is in good agreement with the phases observed in the diffusion couples and again suggests
that the larger particles on the SiC surface might be the ternary phase (Fig. 5.8b). Thus results from the
mixed powder reactions support formation of U2Si1sCs as a minor phase in high temperature interactions
between UsSizand SiC. Observation of this phase in the diffusion couple sample, however, was difficult to
confirm as it likely was contained in the thin brittle layer.

5.3.1.3. Interaction between UsSi, and Zircaloy-4

Representative microstructures of the UsSiz/Zircaloy-4 diffusion couples after heat treatment at
1200°C/10h and 1000°C/100h are shown in Fig. 5.11 with very different apparent reactions at the two
temperatures. For 1200°C/10h, a temperature above the B-transition of zirconium/Zircaloy-4 [83], a large
interdiffusion layer was observed (Fig. 5.11a). Although the samples cracked during the disassembly of the
Jigs, itis possible to see that there was diffusional bonding of the materials. The fuel surface in contact with
the Zircaloy-4 contains the ZrsSi, phase (having the same crystallographic structure as UsSiy), illustrating
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the stability of this zirconium silicide phase. Uranium significantly diffused into the Zircaloy-4 matrix
(~100um), with the composition of the uranium-containing phase close to that of 3-phase UZr, and located
mainly in the intergranular regions of the o-Zr (bright phase in Fig. 5.11a). This illustrates the
thermodynamic equilibrium favors ZrsSi, and UZr, phase formation over the UsSi,. The result is important
not only in the context of fuel/cladding interaction, but also with respect to the behavior of fission product
zirconium, where it can replace uranium lost to fission in the P6/mmm lattice and avoid precipitation of a
secondary phase.

For the sample annealed at 1000°C/100h, a temperature below the B-transition of zirconium,
significantly less interaction was observed. Only Zr3Si, phase was inidcated at the interface with the fuel
(Fig. 5.11b), and no diffusion of uranium into the cladding matrix was detected. Besides the lower
temperature reducing mobilities, this may be due to a significantly lower diffusion rate of uranium in
hexagonal zirconium as compared to the higher temperature cubic phase, as uranium can more easily diffuse
in a bee structure compared to hep.

There is some discrepancy between the observations in the current work and those of He et al, [77]
for the results at 1000°C/100h, where He et al. [77]claim substantial uranium mobility and transport into
the Zircaloy-4. The main interdiffusion products they indicate are Zr,Si, UgFe, U-Zr-Fe-Ni, U-Zr, and U.
Their identification of Zr,Si, however, could be easily have instead been the Zrs;Si, phase observed here as
the compositions are not greatly different, and thus agree in this aspect with the current work.
Thermochemical calculations at 1000°C also indicate preferential formation of ZrsSi, over Zr,Si.

71



SEM MAG: 1.00 kx WD: 8.00 mm ! SEM MAG: 2.50 kx WD: 8.00 mm \}EG“J TESCAN
View field: 277 pm Det: BSE 50 pm View field: 111 ym Det: BSE 20 pm
SEM HV: 20.0 kV Date(m/dly): 09/06/18 SEM HV: 20.0 kV Date(m/dly): 09/06/18 usc

U Z r Fuel

Cladding .

Diffusion couple

(b)

1000°C/100h
1000°C/100h

SEM MAG: 1.00 kx WD: 9.00 mm
View field: 277 ym Det: BSE
SEM HV: 20.0 kV Date(m/dly): 09/20/18

:
SEM MAG: 4.00 kx WD: 8.00 mm | VEGA3 TESCAN
View field: 69.2 pm Det: BSE

SEM HV: 20.0 KV Date(m/d/y): 09/20/18 usc

Fig. 5.11. Backscatter electron micrographs from UsSiz/Zircaloy-4 diffusion couples annealed at 1200°C
for 10 h (a) and 1000°C for 100 h (b). Illustration of the diffusion couple orientation is shown as a
reference.

5.3.2. Modeling
5.3.2.1. U-Fe-Si phase diagram modeling
5.3.2.1.1. First principles calculations: U-ramping, and Gibbs energy

The lack of DFT+U studies of U-Fe-Si ternary phases leaves no reference U-value that can be
applied[84]. Therefore, it is necessary to determine the U-value that best represents the crystal structure
(lattice parameters, bond angles, and space group) and magnetic moment of the U-Fe-Si phases. U-ramping
calculations were thus performed using U-values from 0 eV to 3 eV, with a step of 0.2 eV, initially relaxing
the structure at U = 0 eV. Subsequent calculations utilized the relaxed crystal structure, charge density and
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wavefunction from the previous calculation at the lower U-value, e.g., for the calculation at U =0.2 eV, the
output files from the calculation at U = 0 eV are used. The U-ramping calculations showed convergence in
the lattice parameters and magnetic moment of the U-Fe-Si phases at U = 1.5 eV, and thus, the remainder
of the calculations used this U-value.

DFT calculations provide information for systems only at 0 K, and therefore to evaluate the U-Fe-
Si phase diagram at higher temperatures, the phase Gibbs energies needs to be determined at finite
temperatures. The total Gibbs energy of a phase is defined as a sum of the DFT calculated total energy at 0
K, E, and the entropic contribution to the Gibbs energy, S, i.e.,

G=E-TS 5.6

In attempting to determine the Gibbs energy, only the vibrational contribution to the entropy, Svi,, Was
considered, and calculated using:

Svib = kp fooo In [ZSinh %] g(w)dw 5.7

where w are the phonon frequencies, g(w) is the phonon density of states (DOS), and h is the reduced Planck
constant. For each of the studied ternary phases, the phonon DOS were calculated using the code Phonopy
[85] with the density functional perturbation theory (DFPT) formalism as implemented in VASP. A kinetic
energy cut-off of 725 eV helped avoid small negative frequencies around the T" point in tests run on U-Si
systems. The calculated total Gibbs energies, obtained using Eg. 5.6, were subsequently used in
thermodynamic modeling to generate a U-Fe-Si phase diagram, as detailed in the next section.

5.3.2.1.2. Chemical thermodynamic modeling

While 11 ternary phases have been identified in the U-Fe-Si system there are no reported
thermodynamic values for the phases. As noted, prediction of behavior requires understanding relative
stabilities and preferably the ability to compute phase formation, which requires a set of such values.
Fortunately, as noted, the constituent binary systems have been well-characterized, including
thermodynamic assessments. These provide the basis for modeling the stoichiometric phases using a
Neumann-Kopp type algebraic sum of values for the elements. The resultant summed values for each
ternary composition was adjusted as needed to reflect its stability relative to other phases, modifying either
or both the a and b terms of Eq. 5.7, to reproduce the phase equilibria of Fig. 5.3.

The solid solution phase UFe1,Six with 1<x<3 (ThMny, structure) was modeled using the
compound-energy formalism based on a three sublattice model analogous to that of Zinkevich et al.
[86]considering the composition range investigated by Goncalves et al.[87]. In this case, however, a four
sublattice model was seen as necessary to describe dissolution of silicon and the non-stoichiometry
generated by site vacancies in the ThMn1.-structured UFe;> end-member

(U)z(Fe)le(Fe,Va)z(Fe,Si)e
where Va indicates neutral vacancies. The structure is represented by a 26 atom unit cell with two formula

units per unit cell. As the third and fourth sublattices can contain either differing elements or an element
and a vacancy, they provide for deviation in stoichiometry.
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Fig. 5.12. ThMni,-type crystal structure for UFei2.Six.

The Gibbs energy for the solution phase is described by

G = (1 —yva)¥re Gu:re:FeFe T YvaYre GurevarFeFe T (1 — Yva)ysi Gureresi +
Yva¥si Gurevasi + 6 (Yre IN(Yre + (¥silnysi) + 2 RT [(1 —yva) In(1 —yya) + yvalnyya] +
YreYsi(1 — Yva) Lu:re:Feresi T YreYsiYva LuFevaFesi 5.8

The four possible combinations of occupied sites on the four sublattices provide for the four
endmembers: Gu:re:re:re, represents the UFei, endmember where U and Fe are occupying the first and
second sublattice, respectively, (as is the case for all the endmembers), and the third and fourth are occupied
with Fe; Gu:re:vare, represents the endmember composition where the third sublattice contains a vacancy
and the fourth contains Fe, corresponding to UFe1:; Gu:re:re:si, has the third sublattice occupied with Fe and
the fourth with Si, and thus has the composition UFegSis; and Gu:re:va:si is an endmember where Si and Va
reside on the third and fourth sublattice, respectively, corresponding to UFesSis The interaction parameter
L represents the energetics of interactions between Fe and Si on the fourth sublattice. The term yv,, is the
vacancy site occupancy on the third sublattice and yre and ys; are the occupancies of Fe and Si on the fourth
sublattice, respectively. The constraint of maintaining charge neutrality is applied to determinations of site
occupancies. The Gibbs energies of the four endmembers are determined from algebraic sums of
constituent elements and are adjusted together with the L terms to achieve optimal agreement with
experimental measurements and phase equilibria, together with the results of the first principles
calculations.

The derived and fitted Gibbs energy parameters, including those of the stoichiometric line
compounds, are listed in Table 5.4, with the corresponding computed ternary phase diagram at 900 ‘C
depicted in Fig. 5.13. No interaction parameters have as yet been derived for the solid solution phase, as
further work is needed to refine the compositional dependence of the UFe1,xSix phase. The tielines in the
calculated phase diagram are in relatively good agreement with those observed experimentally as seen in
Fig. 5.3.
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Table 5.4. Gibbs energy parameters for U-Fe-Si compositions.*

Label Phase Parameter (values in SI: J,mol,K)

A UzFeSiz OGusFe:si -339,750-3*T + 2*GHSERU + GHSERFE + 3*GHSERSI
B UFe;Si> OGusFe:si -266,100 + GHSERU + 2*GHSERFE + 2*GHSERSI

C UsFe,Si; OGyFessi -578,600 + 3*GHSERU + 2*GHSERFE + 7*GHSERSI
D U,FesSi OGusFe:si -231,800 + 2*GHSERU + 3*GHSERFE + GHSERSI

E UFe12«Six OGU:Fe:Fe:Fe 2GHSERU+GHSERFE+GHSERSI

E UFe12Six OGU:Fe:va:Fe -475000 + 325*T + 2*GHSERU + 24*GHSERFE

E UFe12«Six OGu:Fe:Fessi -425000 - 390*T + 2*GHSERU + 18*GHSERFE + 6*GHSERSI
E UFe124Six OGu:Fe:vasi + 2*GHSERU + 16*GHSERFE + 6*GHSERSI

E UFe12.xSix 0I—U:Fe:Fe:Fe,Si 0

E UFe12.xSix 0I—U:Fe:Va:Fe,Si 0

G UFeSi OGusre:si -151,100+ GHSERU + GHSERFE + GHSERSI

H U1.2FesSio 7 OGuresi -4,673,700 + 12*GHSERU + 40*GHSERFE + 97*GHSERSI

| U.FesSis OGuresi -509,000 + 2*GHSERU + 3*GHSERFE + 5*GHSERSI

J UFesSis OGuresi -371,300 + GHSERU + 5*GHSERFE + 3*GHSERSI

K UsFe1sSiy OGuresi -1,192,000 + 6*GHSERU + 16*GHSERFE + 7*GHSERSI

* The standard reference states values are indicated by GHSERFE for GF$¢,GHSERSI for G&/#mond gnd
GHSER for ggrtherhombic for o-U,

05 0.4

0.3
mole fraction UFe2

Fig. 5.13. U-Fe-Si ternary isotherm at 900 C calculated using the parameters in Table 5.4.
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For comparison, DFT calculated formation enthalpies for 8 of the stoichiometric phases are listed
in Table 5.5 (compound H was excluded as partial occupancies in the structure cause the unit cell to be
overly large, thus making the calculations prohibitive). For a number of the phases the adjusted
Neumann-Kopp estimated values are in good agreement with the ab-initio results. Note that the
CALPHAD values are reported at the standard state temperature 298.15K, whereas the DFT results are
for OK, which can be the source of some of the discrepancies.

Table 5.5. Comparison of enthalpies of formation for U-Fe-Si compounds calculated using CALPHAD
and DFT methods. Units are kJ/mol.

Label Phase AgH3gg 15 CALPHAD AsHgk (DFT)
A U.FeSis -330.6 -216.5
B UFe.Siz -247.8 -252.3
C UsFesSiy -560.3 -514.1
D U,FesSi -204.4 -224.2
E UFe12.xSix N/A N/A
G UFeSi -142.0 -133.2
H U1,2F848i9,7 -430.8 N/A
I U,FesSis -481.6 -481.5
J UFesSis -325.6 -371.7
K U6F6168i7 -1045.6 -1085.6

5.3.2.1.3. Atomistic modeling of fuel-cladding interactions

Defect formation energies in U3Siz, and the SiC and FeCrAl cladding were evaluated by modeling
interactions, as well as determining incorporation energies for fuel atoms in the cladding, and cladding
atoms in the fuel. The calculations were performed using 2x2x4, 3x3x3 and 4x4x4 supercells of U3Siy, SiC
and the FeCrAl alloy representated by a-Fe, respectively. Modeling the incorporation of carbon, iron and
silicon in the UsSi, structure was performed considering the two uranium sites, a silicon site (only for
exchange with carbon and iron), and 10 interstitials sites with Wyckoff positions: 2b, 2c, 2d, 4e, 4f, 4g, 4h,
8i, 8j and 8k (Fig. 5.14a). The incorporation of uranium and excess silicon in SiC were modeled considering
the silicon and carbon sites, and two interstitial positions (Fig. 5.14b). The incorporation of uranium and
silicon in a-Fe considered the iron site and one interstitial position (Fig. 5.14c). For uranium diffusion into
the cladding materials, an on-site correlation with an effective U=1.5 eV, was applied for SiC, with no
correlation used for a-Fe. The interstitial defects created in the UsSi; and cladding materials SiC and a-Fe
are shown as red spheres in Fig. 5.14.
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(a)

(b)

(c)

Fig. 5.14. Interstitial sites (red spheres) in UsSi (@), SiC (b) and o-Fe (C) structures treated as point
defects in first principle calculations.
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Incorporation, AEinc, and point defect, AEp, formation energies were calculated using Eq. 5.9 and
Eq. 5.10, respectively:

AEinc = Etl'())t_ ot — §V=1ANL'D.ULQ 5.9
AEp = ERy — Eye — i1 AND (17 + Apy) 5.10

where EPy, EY®q, and E% are the DFT computed total energies of the supercells with a defect, with a
defect site vacancy, and without a defect, respectively. The sum in the Eq. 5.10 is over all species, i, in the
supercell (U, Si, C and Fe depending on the evaluated system/defect). AN®; is the number of atoms of type
i added to (ANP; > 0) or removed (ANP; < 0) from the perfect supercell to create the defect, with 4 the
chemical potential of the standard state elemental species i, here a-U, C as graphite, Si in the diamond
structure, and o-Fe. Aw;is the change in the chemical potential due to changes resulting from defect
formation in a N-phase equilibrium. The Auican be calculated using a set of linear equations, as shown in
Eq.5.11

AHpj = 2L, iy 5.11
where the AHs is the formation enthalpy of the specific phase k, and ci is the elemental content of the

specific phase. The formation enthalpies of the phases used to obtain Ay values in the present work are
detailed in Table 5.6.

Table 5.6. Formation enthalpies, AH;, of compounds in U-Si-C and U-Si-Fe phase space used in
computing chemical potential change, 4u;.

Phase Computed AHr  Tabulated* AHs Difference Calculation
(eV/atom) (eV/atom)* (comp. —tab.) method
UsSiz -0.3298 -0.3538 -0.0240 GGA+U
USi -0.4535 -0.4335 0.0200 GGA+U
uc -0.4459 -0.5055 -0.0596 GGA+U
SiC -0.2063 -0.3465 -0.1402 GGA
U20Si16C3 -0.4502 -0.4450 0.0052 GGA+U
UsSizCo -0.3733 0.3733 GGA+U
UFeSi -0.4824 -0.4581 0.0243 GGA+U
UFe; -0.1120 0.1113 0.2233 GGA
UFe11Six -0.1998 0.1998 GGA+U
UzFesSi -0.3421 -0.4000 -0.0579 GGA+U
UsSi -0.2189 -0.3490 -0.1301 GGA+U
UsSis -0.4808 -0.4480 0.0328 GGA+U
FesSi -0.3170 -0.3145 0.0025 GGA
*[88]

Optimal total energies require using the U-value that best represents the structure and the electron
correlation in a system. For example, the total energy for a-U was calculated using just the GGA
approximation, i.e., U = 0 eV, as it best represents the phase[89], while it has been shown that the lowest
value that best represent UsSi, phonons is U = 1.5 eV[45]. However, because of the use of different U-
values, the resulting AH; values cannot be directly compared. Therefore, to allow consistent comparison of
AH; for all phases the methodology for correcting AH: developed by Jain et al. [90]was applied.
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5.3.2.1.4 Modeling U-Si—Fe interactions

Incorporation energies for Fe in UsSi,, and for U and Si in a-Fe were computed and are listed in
Table 5.9. They indicate that Fe incorporation in crystalline UsSi; as well U and Si in incorporation in o-Fe
are energetically favored, i.e., have negative incorporation energies. This affinity for dissolving the
elements in these phases is consistent with the reported phase diagram[75].

Table 5.7. Calculated incorporation energies, for Fe in UsSiy, and for U and Si in a-Fe. The references
states used are the chemical potential of a-U, a-Fe and Si (diamond structure). The relaxations that lead
to another position are maked as “Not stable.” The ones that converge for a different stable position are
Shown in the third column, “Other Position.” Negative values indicate energetically favorable
incorporation.

Point defect in crystalline UsSiz  Einc (eV) Other Position
Fe substitutional U1 -0.55

Fe substitutional U2 -1.01

Fe substitutional Si -1.10

Fe interstitial site 2b -0.73

Fe Interstitial site 2c Not stable -0.30 (relaxed Si-Si interstitial)
Fe Interstitial site 2d Not stable

Fe Interstitial site 4e Not stable

Fe Interstitial site 4f Not stable Relaxed to Si-Si
Fe Interstitial site 4g Not stable

Fe Interstitial site 4h Not stable

Fe Interstitial site 8i Not stable

Fe Interstitial site 8j_1 Not stable Relaxed to 2b
Fe Interstitial site 8j_2 Not stable Relaxed to 2b
Fe Interstitial site 8k Not stable

Point defect in crystalline a-Fe Ein (eV)

U substitutional Fe -2.37

Si substitutional Fe -3.41

U interstitial 4.66

Si interstitial 3.62

It is also evident that Fe can be incorporated in the UsSi; lattice in different existing sites, such as
both uranium sites (U1 and U2), the silicon site and in two interstitial sites. Of the two uranium sites, the
more stable position for Fe is U2 (where the U atom is surrounded by Si atoms), The energy for Fe
substituting for Si is only 84 meV more positive than for it to be incorporated into a U2 site so it too is a
good candidate for hosting Fe. Thus, the U2 and Si site vacancies represent very stable traps for iron atoms
in UsSiz2. The results in Table 5.7 also demonstrate that substitution of uranium and silicon for iron in a-Fe
is energetically favored, but the formation of interstitials is not. These calculated negative mutual
incorporation energies for fuel and cladding elements support the trend of mutual exchange noted in the
experiments.

The formation energies of the point defects in U3Si2 and a-Fe using chemical potentials derived for
the various phase assemblages from Eq. 5.10 and Eq. 5.11, were computed and are shown in Table 5.8.
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Table 5.8. Formation energies of point defects in the UsSi. fuel and a-Fe cladding under sets of chemical
potentials derived for each of the indicated three-phase equilibria proposed across the interfacial region
between the two single-phase fuel and cladding regions.

Formation energies of point defects (eV)

Three-phase equilibria

Point defect in UsSi2 UsSir-aFe-UFeSi  UsSir-aFe-U,FesSi UsSir>-aFe-UFe;Si U3Si,-UFeSi-UsSi*

U1 vacancy 2.18 -1.52 4.48 0.90
U2 vacancy 3.52 -0.18 5.82 2.24
Si vacancy -0.83 4.72 -4.28 1.08
Fe substitutional U1 1.63 -2.07 3.93 0.99
Fe substitutional U2 2,51 -1.19 4.81 1.87
Fe substitutional Si -1.93 3.62 -5.38 0.63
Fe interstitial site 2b -0.73 -0.73 -0.73 -0.09
Fe intertital site Si-Si -0.30 -0.30 -0.30 0.34
Point defect in a-Fe UsSi-aFe-UFeSi  UsSi-aFe-UoFesSi UsSix-aFe-UFe1Si oFe -UFe1;Si-UFe™*
Fe vacancy 2.06 2.06 2.06 2.06
U substitutional Fe -1.56 2.14 -3.86 -0.92
Si substitutional Fe 1.34 -4.21 4.79 -1.22

* Fuel and cladding not in contact.

Phase assemblages that contain both fuel (UsSi2) and cladding (a-Fe) together with a third phase
assumed to form from initial interactions are listed in the second, third and fourth colums in Table 5.7. The
phase space where those with adjacent compositions replace either the fuel or cladding in the three-phase
equilibria (marked with * in Table 5.8) are indicated in the fifth column. These phase assemblages represent
the condition where the fuel and cladding are no longer in contact due to formation of intermediate phases,
with interactions proceeding until incorporation energies approach zero or become positive, and thus there
is no longer a driving force for reaction.

From the analysis, it is observed that the same types of defects are favored when the phases UFeSi
and UFe11Si are considered in the equilibrium as when the ternary phases are omitted. These phases drive
the incorporation of iron in Si sites and 2b and Si-Si interstitial sites of UsSiy, as well as incorporation of
uranium in a-Fe. These defects the ternary phases by removing Si, thus depleting UsSiz, while the cladding
moves toward a uranium-containing composition. This drives the system to the equiulibrium phase
assemblages of UsSi,-UsSi-UFeSi and UFe,-Fe-UFe11Si, in good agreement with what has been here
experimentally observed.

When the formation of U2FesSi is considered as the intermediate phase phase between UsSi, and
a-Fe, a shift in the stability of defects in the fuel and cladding material occurs, where now the substitution
of iron for uranium in UsSiz, and incorporation of Si in a-Fe are favored. The change in the nature of the
stable defects appears related to the U:Si ratio of the ternary phase, where equilibria with UFes1Si and UFeSi
favors uranium substitution in a-Fe while formation of U,FesSi promotes silicon incorporation in a-Fe. The
current observed behavior together with the computed results suggest UFeSi and UFe1;Si phases are likely
initial phases formed due to fuel-cladding interactions, while the U.FesSi is expected to arise from the
interaction with other ternary phases.

When the a-Fe is replaced by UsSi such that the phase equilibria of UsSi>-UFeSi-UsSi is considered
as controlling the chemical potential on the fuel side of the system, the computed defect energies in the fuel
approach zero or become positive, removing the driving force for interdiffusion and thus interactions.
Similarly, replacement of the U3Si, by UFe,, and thus formation of the UFe,-aFe-UFe11Si phase assemblage
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as would occure on the cladding side, also results in decreased defect energies, in agreement with the
observed absence of the fuel elements uranium and silicon within the FeCrAl cladding.

5.3.2.1.5 Modeling UsSi»-SiC interaction

UsSi> and SiC interactions were investigated by determining mutual incorporation energies
calculated using DFT (Table 5.9). The results indicate Si can substitute for U in UsSi,, occupying the Ul
site, and shift the position of the U2 site and the interstitial 2b site. This is consistent with reported U-Si
phase equilibria and previous calculations of the slope of the convex hull, with minima close to the high
silicon region for UsSis and USi; [45, 91]. The relatively lower interstitial site incorporation energy reflects
the lesser energy needed as compared to substitutional mechanisms.

Carbon incorporation in U;Si, was found to occur only at the interstitial 2b site. This was also seen
in the relaxation of the 8j interstitial sites (similar incorporation energy). The interstitial position between
two Si atoms, termed the Si-Si interstitial, is the second most energetically favorable Si interstitial position,
found from the relaxation of the 2c and 4f interstitial sites, with the incorporation energy being slightly
positive. The short bond distance and related negative incorporation energies for C in the two interstitial
sites can play a key role in carbon transport in the material. Consequently, one of the possible diffusion
pathways for C in UsSi, may be via these two interstitial sites, as depicted in Fig. 5.15a.

Table 5.9. Calculated incorporation energies of Si and C in UsSi; and U and Si in SiC. The references
states used are the chemical potential of a-U, SiC (fcc) and Si diamond structure. The relaxations that
lead to another position are maked as “Not stable”. The ones that converge to another stable position are
shown in the third column. Negative values indicate the defect is energetically favored.

Type of point defect: UsSiz Einc (eV) Other Position

Si substitutional Ul -1.20

Si substitutional U2 Not stable -1.28

Si interstitial site 2b -0.97

Si interstitial site Si-Si 0.90

C substitutional Ul Not stable 0.74

C substitutional U2 Not stable 0.37

C substitutional Si 0.46 --

C interstitial site 2b -0.97 --

C Interstitial site 2c Not stable 0.08 (Si-Si interstitial)
C Interstitial site 2d Not stable 0.38

C Interstitial site 4e *

C Interstitial site 4f Not stable 0.09 (Si-Si interstitial)
C Interstitial site 4g Not stable 0.92

C Interstitial site 4h *

C Interstitial site 8i Not stable 6.74

C Interstitial site 8j_1 Not stable -1.06 (relaxed 2b)
C Interstitial site 8j_2 Not stable -1.03 (relaxed 2b)
C Interstitial site 8k * Not stable

Type of point defect: SiC Einc (eV) Other Position

U substitutional Si -2.97

U substitutional C Not stable 6.29

Si substitutional C - 0.69

C substitutional Si -4.45

U Interstitial_1 Not stable 12.82

U Interstitial_2 14.55

Si Interstitial_1 4.87

Si Interstitial 2 8.52
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In SiC, uranium can substitute for Si, forming a chemical environment very similar to that of the
UC phase (Fig. 5.15b), and may be the mechanism governing the formation of the observed UC. Anti-site
defects are also found to be energetically stable. As other defect formation energies are significantly
positive for SiC, the anti-site defect mechanism can play an important role, creating defects to promote
interaction/secondary phases.

(b)

Fig. 5.15. Depictions of possible carbon incorporation in the interstitial position 2b in UsSi, and a
possible migration path via 2b and Si-Si interstitials (a); stable position of uranium substituting for
silicon in the SiC lattice, creating a chemical environment similar to that for UC (b).

Following the method employed to understand the UsSi»/FeCrAl interactions, the chemical
potential was allowed to vary at equilibrium to calculate defect formation energies for UsSi; and SiC (Table
5.10). The results demonstrate that for the U3Si»-SiC-U20Si16Cs equilibria (second column in Table 10), Si
defects in UsSi, matrix should spontaneously form. Excess Si will substitute for the uranium plus occupy
two interstitial positions, increasing the silicon content of fuel in contact with the SiC cladding and thus
forming phases such as USi and UsSis. The same energetics favor formation of carbon vacancies in SiC, as
well as anti-site defects, i.e., Si occupying C sites. The energetics also explain why there is no evidence of
diffusion of uranium in SiC, and the observed formation of UC exclusively on the SiC surface.

A shift of the phase equilibria to UsSi,-SiC-UsSi2C: (third column in Table 5.10) makes all defects
much less favorable in both fuel and cladding. These results may indicate that U»0Si1sCs is an intermediate
phase in the fuel-cladding system, preventing further interactions. The experimental and modeling results
suggest that initially U2SiisCs forms by interstitial carbon incorporation in UsSi,, followed by transport of
Si into UsSi,. Carbon site vacancies in SiC makes Si anti-site defects possible, which promotes formation
of UC in the surface of SiC material.
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Table 5.10. Formation energies of point defects in the UsSi» fuel and SiC cladding under sets of chemical
potentials fixed by each of the three-phase equilibria in U-Si-C system.

Formation energies of point defects (eV)

Three-phase equilibria

Type of point defect
in UsSi2

UsSi2-SiC-U20Si16Ca

UsSiz-SiC-UsSizC>

U3Siz2-U2Si16Ca-UsSis™

UsSiz-UsSi2Co-UsSis*

U1 vacancy -10.27 0.34 0.87 0.87
U2 vacancy -8.93 1.68 2.22 2.22
Si vacancy 17.84 1.93 1.12 1.13
U substitutional Si 28.52 2.00 0.66 0.66
Si substitutional U1 -27.45 -0.93 0.40 0.40
Si substitutional U2 -26.19 0.33 1.67 1.67
Si interstitial site 2b -16.95 -1.04 -0.24 -0.23
Si interstitiasite Si-Si -15.09 0.83 1.63 1.63
C interstitial site 2b 15.42 -0.49 0.56 -0.49
C interstitial site Si-Si 16.48 0.57 1.62 0.57
Type of pOiﬂt SiC U3Si2-SiC-UzoSi16C3 U38i2-5iC-U35i2C2 SiC-UzoSilGCrUC* SiC-U3Si2C2-UC*
Si vacancy 23.97 8.06 7.78 7.87
C vacancy -11.89 4.02 4.29 4.21
U substitutional Si 32.20 5.68 5.49 5.49
U substitutional C 5.61 10.91 11.27 11.10
Si substitutional C -28.56 3.26 3.81 3.64
C substitutional Si 35.91 4.09 3.54 3.72
U Interstitial_2 24.03 13.41 13.50 13.42

* Fuel and cladding not in contact.

On the fuel side, when the intermediate phase is UsSis, as observed in diffusion couples, forming
the equilibrium phase assemblage U3Si»-UsSis-U20Si16Cs, all defects have positive or close to zero formation
energies, removing the thermodynamic driving force for interactions and thus, explaining the lack of
elemental transport toward the SiC cladding. On the cladding side, when UsSi is replaced by UC generating
the equilibrium phase assemblage SiC-UC-U2SiqsCs, defect formation energies also become positive,

restricting the thermodynamic driving force for interactions.
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6. UsSio-Fission Product Behavior

In order to assess and further develop UsSi2 as a fuel, the impact of the fission process on the fuel
must be fully investigated. As part of that effort, our group has experimentally and computationally
explored the 40-66 at% Si region of the U-Si binary system in order to better understand the impact of U-
Si compositional changes. Through this work, a previously projected homogeneity region of UsSi, [92] was
expanded and the phase diagram was refined [93, 94] to reflect new investigations into identified Si-rich
phases [16].

While advances made in understanding U-Si phase equilibria allow for improved prediction of the
formation and nature of system phases, there remains the need to address interactions between the fuel and
fission products (FPs). These must also be investigated to better understand the chemical environment of
the fuel as this will impact the thermophysical properties and in turn, fuel performance. FP elements may
have limited solubility in the fuel and, as burnup progresses, the concentration may exceed that modest
solubility limit and lead to the formation of secondary phases. Thus, there is a possibility of both solute
FPs and the formation of additional phases influencing the fuel properties.

Literature that reports investigations of FP interactions in UsSi; fuel is limited. Currently, the only
published work in which FP-doped fuel is examined experimentally is that of Ugajin and Itoh [95]. They
explored the impact of FPs in fuel at exaggerated burnup (80 and 97%) compositions by arc-melting UsSi.
doped with 11 surrogate metals. Phases were characterized by electron probe microanalysis and x-ray
diffraction (XRD). The noble metals Mo, Rh, and Ru were determined to form individual quaternary phases
with U and Si; rare earth elements (Ce, La, Nd, Pr, Y) formed monosilicide precipitates; and the solid
solution phase (RE,Pd)Si formed where RE represents a rare earth element [95]. Strontium did not appear
to interact with the fuel before evaporating from the sample and Zr was observed to form an unidentified
U-Zr-Si compound [95]. Zirconium was determined to be soluble up to 9.5 at% in the UsSi, [95]. Work
conducted by Turner, et. al. investigating the use of Gd as a burnable poison in UsSi, suggests Gd may be
soluble up to 4-5 at% in the fuel [96].

Defect formation in UsSi; fuel following the incorporation of select surrogate FPs was
computationally considered by Nanopoulos [97] using density functional theory (DFT). It was used to
examine the incorporation of Ce, Mo, Pr, Ru, Xe, and Zr into the U3Si; structure, any associated swelling
of the fuel as a result, and the formation of any FP-silicide phases. Overall, FPs were energetically favored
to dissolve in UsSi, through substitution on the U1 site. The Mo was predicted to be insoluble in the UsSi.
matrix and it can be expected to form Mo-Si or U-Mo-Si phase precipitates. Elements Ce and Zr were found
to be soluble in UsSi, with the potential for secondary phase formation, and CesSis was calculated to co-
exist with a Ce-saturated UsSi> matrix. While computational work broadly supports the formation of
individual silicide phases due to the generally observed modest solubility of FPs in UsSiy, there are
disagreements with experimental observations. In the cases of Ce and Mo, FP-disilicide (FPSi) is computed
to have the most negative formation energy [97] in comparison to CeSi or UsMo(MoySi1«)Siz, which are
experimentally observed phases [95]. Nanopoulos’ computational work was performed assuming only a
single point defect in their 72-atom supercell at 0 K [97], which may limit its applicability. The sole
experimental effort considered high FP content simulated burnups of >80% with multiple FPs, and thus
comparisons between the two evaluations is questionable.

In order to further assess UsSi, fuel behavior, a combined experimental and computational approach
was adopted to examine the impact of representative FPs in the fuel. To do this in a systematic fashion,
calculated fuel compositions after significant burnup were used to identify higher content FPs which were
then grouped with those expected to act similarly in order to reduce the number of FP elements to be
considered. Four prominent FP elements (Ce, Mo, Y, Zr) were chosen for examination and were used as
dopants in UsSi, samples. The results were used to guide the creation of an FP-silicide thermodynamic
database. The database contained 8 FPs (Ba, Ce, Gd, Mo, Pu, Se, Y, Zr) and all known phases in those
systems were considered along with any related U alloys and those silicides with the potential to form in
the fuel environment. Experimental observations of relative stability were used to estimate the
thermodynamic behavior of phases for which values are not available. Predictions for the phase state of
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irradiated fuel at a high burnup of 52.5 MWd/kgU and in a possible high burnup region of 116.6 MWd/kgU
were used to evaluate irradiated UsSi. fuel behavior. Density functional theory calculations were also used
to consider the individual impacts of Ba, Ce, Gd, Y, and Pu on UsSi,. Results from DFT were compared
with experimental observations and were contrasted with the thermodynamic equilibrium predictions from
the generated database.

6.1. Methodology

6.1.1. Experimental
6.1.1.1. Fabrication of Doped UsSi; Ingots

The surrogate radionuclide FPs Ce, Mo, Y, Zr were chosen to represent a variety of abundant FP
elements. Undoped ingots of UsSi, were prepared using depleted uranium rods (99.9+%, Aerojet
Rocketdyne) and silicon pieces (99.999%, Cerac Inc.). Uranium and silicon pieces were initially mixed in
a ratio of 60 at% U and 40 at% Si for ~3 g samples with an additional 5 mg Si added to the mixture to
compensate for expected Si loss to volatilization during melting. This mixture was then arc melted under
gettered argon (O, <10°%° ppm) with a tri-arc furnace equipped with 2% thoriated tungsten electrodes (5 TA
Reed Tri Arc, Centorr Vacuum Industries). The ingots were flipped and re-melted an additional four times
in order to ensure a homogenous composition. Samples were doped with individual FP elements by adding
5 wt% of either Ce, Mo, Y, or Zr to a prepared UsSi, ingot and arc melted an additional five times, again
turning the sample between each to aid in homogenization. Due to the difficulty associated with arc-melting
powders, Ce pieces (99.95%, Sigma-Aldrich, Inc.), Mo foil (>99.9%, Sigma-Aldrich, Inc.), Y pieces
(99.9%, Alfa Aesar), and Zr wire (99.2% excluding Hf, <6.5% Hf, Alfa Aesar) were used for doping
purposes. The samples were annealed to promote equilibrium and for further sample homogenization at
1250°C for 48 hours in a tube furnace (1730-12HT, CM Furnaces Inc.) under argon (UHP, Praxair Inc.)
purified with an oxygen pump (Gen’Air, SETNAG). Oxygen content was further reduced by a Ta getter
in the furnace, reaching an oxygen concentration of less than 101° ppm measured at the outlet of the furnace.

6.1.1.2. Characterization of FP-Doped UsSi;

Once annealed, the ingots were broken and portions were set aside for characterization by XRD
and scanning electron microscopy (SEM). Powder XRD was conducted on portions of the ingots with a
Rigaku Ultima IV instrument using Cu-Ka radiation to scan 20-100° 26 at 0.02°/s. Rietveld refinement of
powder x-ray diffraction patterns was completed using MAUD software [98] with Crystallographic
Information Files (CIF) sourced from The Materials Project [99]. As a CIF was not publicly available for
UsMoSis, crystallographic structure information available in literature [100] was used to generate one using
Visualization for Electronic and Structural Analysis (VESTA) software [101]. Fig. 6.1 shows the generated
unit cell model for UsMoSis.

Fig. 6.1. Generated unit cell structure of UsMoSis.
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For SEM characterization, a portion of the ingots were mounted in epoxy resin and mechanically
ground with wet silicon carbide paper (600 and 1200 grit) and polished with sequential diamond
suspensions (9, 3, and 1 pum). Imaging and compositional analysis used back-scatter electron (BSE)
microscopy with energy dispersive spectroscopy (EDS) in a TESCAN Vega-3 SBU variable pressure
microscope. Multiple points on each sample were imaged and characterized with EDS to confirm that the
samples had reached equilibrium.

6.1.1.3. Characterization of Multiple Fission Product Interactions

A diffusion couple was created such that a polished surface of an UsSi, ingot was held in contact
that of an arc-melted 1:1 Mo:Zr alloy to study potential FP partitioning. The diffusion couple was designed
to identify transport and solubility trends in the presence of two significant FPs. The mating surfaces were
ground and polished using the same method noted above for the preparation of SEM samples. This
configuration was held in place with a jig consisting of molybdenum plates wrapped in tantalum foil held
together by two molybdenum screws, as depicted in Fig. 6.2. The jig was wrapped in additional tantalum
foil to further prevent sample oxidation during heating. The couple was heat treated to 1200°C for 24 hours
in the tube furnace under gettered argon (02 <107 ppm). The ingot and alloy easily separated upon removal
from the jig and each piece was then mounted in epoxy resin. A cross-section was cut using a low speed
circular saw equipped with a sintered diamond blade (SYJ-150, MTI Corporation, Richmond, CA) and the
cross-section surface was ground, polished, and characterized as described above.

Molybdenum

Tantalum

Mo/Zr Allo

Fig. 6.2. (a) Photo of the assembled diffusion couple prior to heat treatment and (b) a schematic
depicting the configuration.

6.2. Modeling
6.2.1. Thermodynamic Calculations

The FactSage™ [102] set of thermodynamic equilibrium codes was used to compute secondary
phase development in UsSi> during irradiation through calculating system equilibria (Gibbs energy
minimization). Temperature-dependent thermodynamic values for elements and compounds were provided
by the Scientific Group Thermodata Europe (SGTE) [64] database and the Thermodynamics of Advanced
Fuels — International Database (TAF-ID) [103]. A set of models for solid solution behavior was also
obtained from TAF-ID. In addition, thermodynamic values for Ce-Si were taken from Shukla, et al. [104]
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The melt solutions for the Ce-Si [105] and Y-Si [106] systems were optimized using a one-
sublattice Redlich-Kister Muggianu model [102] model in which, the excess Gibbs energy (gF) from the
mixing of species A and B is represented using the polynomial

9% =3 "LypXuXp (X4 — Xp)',

wherein the interaction parameter, Lag, is fit to the phase diagram [102]. Xi represents the molar site fraction
of each species. Based on experimental observations and the temperature range of interest for reactor
performance, emphasis was placed on matching the 400-1700°C, 30-70 mol% Si portion of the diagrams
for each system. Final interaction parameters for the Ce-Si and Y-Si systems are listed in Table 6.1. Figs.

6.3 and 6.4 show the Ce-Si and Y-Si phase diagrams, respectively, with the published diagram overlaid for
comparison.

Table 6.1. Interaction parameters fit to phase diagram data using the RKMP model

Binary Redlich-Kister Interaction Parameter
Ce-Si O cesi = -212300
Y cesi =-14000 + 30T
2 cesi = 37330 - 10T
Y-Si OLsiy = -286000 + 58T
Lsiy =-600 + 10T
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Fig. 6.3. Estimated Ce-Si phase diagram for the region of interest and the diagram of derived from phase
change measurements of Bulanova, et al. [105] in orange.
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Fig. 6.4. Estimated Y-Si phase diagram for region of interest and the diagram of derived from phase
change measurements of Okamoto [106] in blue.

The liquid melt solution also contained Ba, Gd, Mo, Pu, Si, U, and Zr. Interaction parameters for
U-(Ba,Gd,Mo,Pu,Zr), Si-(Mo,Pu,Zr), Zr-(Ba,Ce,Mo,Pu,), Mo-(Ba,Ce), and Mo-Pu-U were sourced from
TAF-ID [103]. The melt phase of the Gd-Si binary was modeled previously [107] and was included in our
liquid solution.

While the UsMoSis was considered in this effort, the phase has yet to be appropriately characterized
thus, thermodynamic values for MosSis [103] as both phases share the same crystal structure protype, WsSis
[100]. The original values were adjusted in order to encourage UsMoSis formation over MosSi; at
equilibrium at 1250°C to match experimental results. Final thermodynamic values used in the FPDB are
listed in Table 42.

Table 6.2. Determined thermodynamic values for UsMoSis for equilibrium calculations

Phase AH° s? Cp=a+bT+cT?+dT?
(kd/mol)  (I/mol*K™) a b c d Temperature (°C)
U;MoSis -414.34 325.52 208.62 -0.0052 1.90E-05 -2.79E+06 298-6000

In our work on the U-Si system reported elsewhere [94], UsSi» was modeled having a homogeneity
range, UsSiz«x, using the three-sublattice compound energy formalism (CEF) [108]. This solution model
was augmented to include Pu, Ce, Gd, and Zr and the phase is represented by the Eqg.
(A,B,C,D,E)(F){(F,Va)m where k, |, and m represent the stoichiometric coefficients and Va represents
vacancies in the structure [108]. The metals U, Pu, Ce, Gd, and Zr were considered as residing on the first
sublattice wherein k is equal to 3 and Si occupies both the second and third sublattice, vacancies on the
third sublattice, and the coefficients | and m equal to 2 and 1, respectively. Excess silicon was thus provided
for with the third sublattice that was otherwise occupied with vacancies. The Gibbs energy of each
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endmember (e.g., UsSi;Vai, PusSi;Vay, etc.) were used to generate the overall Gibbs energy of the phase.
Hyper-stoichiometric compositions (x>0) contained non-zero Si occupancy on the third sublattice, with the
Gibbs energy calculated by adding the energy associated with diamond structure Si to that of the relevant
3:2 stoichiometric phase. In the absence of a GdsSi; structure [96, 107], one was modeled from the
thermodynamic values of GdsSis is it falls closest in composition to a theoretical GdsSi.. The following Eq.
was used to represent the Gibbs free energy associated with the endmember

AGga,si, = DGgasi, — 20Goq — AGg;.

The solubility of the Pu, Ce, Gd, and Zr hyper stoichiometric phases was limited to 102 at% to
prevent formation. A solubility limit of about 0.013 at% was applied the Ce and Zr end members to prevent
overrepresentation of these two fission products in the model. The solubility limit of the Gd end member
was set at 0.015 at% based on previous experimental evidence [96]. The complete contents of the solution
database included in FPDB are listed in Table 6.3.

Table 6.3. Contents of FPDB solution database.

Solution Model Formula Interactions Ref.
Liquid One-lattice RKMP (Ba,Ce,Gd,Mo,Pu,Si,U,ZrY)  U-(Si,Ba,Gd,Mo,Pu,Zr), [94, 103,
Si-(Ce,Gd,Mo,Pu,Zr,Y), 107]
Mo-(Ba,Ce,Pu,Zr),
Zr-(Ba,Ce,Pu),
Mo-Pu-U
a-U One-lattice RKMP (U,Mo,Si,Pu,zr) U-(Mo,Pu,Zr,Si) [94, 103]
B-U One-lattice RKMP (U,Mo,Pu,Si,zr) U-(Mo,Pu,Si,Zr), [94, 103]
Pu-(Mo,Zr)
v-U One-lattice RKMP (U,Ba,Ce,Gd,Mo,Pu,Si,Zr) U-(Ba,Gd,Mo,Pu,Zr), [94, 103,
Si-(Gd,Mo,Pu,Zr), 107]
Mo-(Ba,Ce,Pu,Zr),
Ba-(Pu,Zr), Ce-Zr,
Mo-Pu-U
USi Two-sublattice CEF (U,Pu)3.4Sisz 45 - [103]
UsSizx Three-sublattice CEF (U,Pu,Ce,Gd,Zr)sSi(Si,Va) U-Si-(SiVa) [94]
UsSis.x Three-sublattice CEF UsSis(Si,Va) U-Si-(SiVa) [94]
Si (diamond) One-lattice RKMP (Si,V) U-Si [94]
8-Pu One-lattice RKMP (Pu,Ba,Ce,Gd,Mo,Si,U,Zr) Pu-(Ba,Mo,Si,U,Zr), [103]
Mo-(Ba,Ce),
Zr-(Ba,Ce,U,Zr),
U-(Ba,Gd)
a-Ce One-lattice RKMP (Ce,Pu) - [103]
n One-lattice RKMP (Pu,U) Pu-U [103]
€ One-lattice RKMP (Pu,U) Pu-U [103]
USi1 g Two-sublattice CEF (U,Pu)1.6sSi - [103]
B-Pu One-lattice RKMP (Pu,U) Pu-U [103]
MoSi; Two-sublattice CEF (Si,U)2(Mo,Zr) - [103]
MosSi Two-sublattice CEF (Mo,Si)sSi - [103]
Hexagonal Two-sublattice CEF (Mo, Zr)z(Mo,Pu,U,Zr) MoZr-(Mo,Pu,U,Zr), [103]
Laves Mo-MoZr, Zr-MoZr
Cubic Laves Two-sublattice CEF (Mo,Zr)2(Ce,Mo,Pu,U,Zr) MoZr-(Ce,Mo,Pu,U,Zr), [103]
Mo-MoZr, Zr-MoZr
PusSis Two-sublattice CEF PusSis - [103]
ZrsSi3 Three-sublattice CEF (Mo,Si,Zr),Siz(Mo,Zr)3 - [103]
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PusSis Three-sublattice CEF (Mo,Pu)4(Mo,Pu,Si)Sis Mo-MoSi-Si [103]
a-Zr One-lattice RKMP (zr,Ba,Ce,Gd,Mo,Pu,Si,U,Zr)  Zr-(Ba,Ce,Mo,Pu,Si,U), [103, 107]
Mo-(Ba,Ce,Pu),
U-(Ba,Gd,Pu), Gd-Si

0-PueZr Two-sublattice CEF (Pu,Zn)s(Pu,Zr) PuZzr-(Pu,Zr), [103]
Pu-PuZr, Zr-Puzr
8-UZr, Two-sublattice CEF (U,Zr)2(U,Zr) Zr-UZr [103]

6.2.2. First Principles Calculations

DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) [109].
The Perdew-Burke-Ernzerhof (PBE) formalism [110] was used to model the electron exchange correlation.
The DFT+U method [111] with an effective U (Uer) of 1.5 eV was used to correct for the strong correlation
of U and Pu’s 5f electrons. The Ues 0f 1.5 eV for U was taken from the previous study of Noordhoek, et.
al. [21], while U-ramping calculations [112] were performed to obtain a Ue for PusSi (see Section A3 in
Appendix) [113]. The UsSi, unit cell was fully relaxed with a 500 eV cut-off energy for the plane wave
basis set, a total energy convergence criterion of 10“eV, and a force convergence criterion of 0.01 eV/A. A
120 atom 2x2x3 supercell with a y-centered Monkhorst-pack k-point spacing of <0.02 A was constructed
for UsSiz and the introduction of a single point defect was used to represent the inclusion of an FP at a dilute
concentration.

To determine what Ues to use for the Pu in the PusSi,, we performed U-ramping calculations, using
Uer from 0 to 4 eV, with a step of 0.1 eV. We used 600 eV plane wave cutoff, 106 eV and 102 eV/A energy
and forces convergence criteria, respectively, and 9x9x9 k-point mesh. The structures were fully relaxed
with no symmetry constrain. We first relaxed the PusSi» structure using Ue#=0 eV, and for all subsequent
relaxations, the relaxed structure, wavefunction and charge density from the previous relaxation at lower
Uerr were used. The PusSi; lattice parameters relative error with respect to experiments [113], calculated
using U-ramping [112] are shown in Fig. 6.5. There are two Uer worth pointing out, 0 eV and 1.5 eV. For
Ue#=0 eV the cumulative lever of error for both lattice parameters is at its lowest. On the other hand, for
Ues=1.5 eV, the a=b lattice parameters have low error, while the error for the c lattice parameter is large, it
appears to converge beginning at Ues=1.5 eV. Considering this and the fact that Ue.=1.5 eV was used for
the U atoms, Ue=1.5 eV was used again for the Pu atoms. Note that the structures at each U relaxed to a
127 space group, the same as the experimental space group of PusSis.
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Fig. 6.5. Lattice parameters relative error with respect to the experimental lattice parameters of PusSi,
[113] as a function of the U, calculated using U-ramping method.
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To examine the solubility of FPs and Pu in UsSiy, the energy associated with a reaction of UsSi;
with an FP-silicide to form a ternary phase. In order to balance the reaction, an additional phase such as U
or a U-silicide must be included, as demonstrated in the reaction:

¢,UsSiy + ¢, FPSi + c3BP © U,,SiygFP. 6.1

where BP is an additional balancing phase and U7:SissFP product is an inclusive 120 atom supercell. For
example, consideration of BasSi requires the reactant UsSi as well

ZU;Siy + BaSi + 3 BP & Uy SizgFP. 6.2
The solvation energy, AEsq, required for the above reaction was calculated from
AESOl = E(U715l48FP) - Z Cl ET" 63

where E(U71SissFP) is the total energy of the UsSi, supercell with a solubilized FP and E; is the energy of
each reactant phase and c; are the coefficients for the balanced reaction.

6.3. Results

Experimental efforts to assess potential UsSi; interactions with individual representative FPs were
performed by mixing constituents and determining solubilities and phase formation by electron
microscopy and XRD characterization. Interactions of UsSi, with a Mo/Zr alloy were similarly
investigated via a diffusion couple to understand partitioning in the system. Modeling efforts to reflect
the observed effects and provide an understanding of system behavior utilized thermochemical modeling
together with DFT studies.

6.3.1. Interactions between UsSi; and Individual Fission Products

Rietveld refinement of XRD patterns for all four FP-doped samples were performed in order to
determine accurate lattice parameters for the UsSi, phase and identify secondary phase formation and
structure. Powder XRD of the 5 wt% Ce-doped UsSi; indicated the presence of tetragonal P4,2:2 CesSis
(Fig. 6.6a) which was confirmed through SEM imaging and EDS as shown in Fig. 6.6b, with no additional
phases detected. Ce was seen to have a solubility limit of 3.6+0.9 at% based on the EDS analysis.
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Fig. 6.6. (a) XRD pattern with the identified tetragonal CesSis secondary phase in the 5 wt% (22 at%)
Ce-doped sample. (b) A representative BSE image with the solubility of Ce in the bulk indicated.
Unlabeled peaks on the diffraction pattern correspond to UsSi, peak positions.

The UsSi, sample doped with 5 wt% Mo formed the ternary UsMoSis phase and y-(Mo,U) as shown
in Fig. 6.7, with the phase appearing to evolve from the visible fine eutectic structure. EDS measurements
were unable to obtain any significant indications of solubility of Mo in UsSi..
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Fig. 6.7. (a) XRD pattern with the identified triclinic UsMoSis and the bcc y-(U,Mo) from the secondary
phase regions in the 5 wt% (30 at%) Mo-doped fuel sample. (b) A representative BSE image with
identified phase regions. Unlabeled peaks on the diffraction pattern correspond with U3Si2 peak
positions.

The Y-doped UsSi, samples contained four phases consisting of orthorhombic YsSis (Pnma
structure), y-U, tetragonal UsSi, and UsSi» as indicated in Fig. 6.8. EDS did not indicate statistically
significant levels of Y dissolved in the UsSi,. The presence of the two additional U-rich phases (y-U and
UsSi) formed as a result of Y-doping of the fuel suggest equilibrium was not achieved. Possible
consequences of this are detailed in the discussion section.
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Fig. 6.8. (a) XRD pattern with the identified orthorhombic YsSis, bcc y-U and the tetragonal UsSi
structures of the secondary phase regions in the 5 wt% (32 at%) Y-doped fuel sample. (b) A
representative BSE image. Unlabeled peaks on the diffraction pattern correspond to UsSi, peak positions.

Zr was found to be soluble in UsSi, up to 3.6£0.4 at%, at which point ZrsSi, and a-U precipitate
from the fuel as seen in Fig. 6.9. Zirconium has been reported to have a solubility of up to 9.5 at% in the
bulk [95], however, this high of a value could not be replicated in our work. The y-U phase regions formed
in direct proximity to ZrsSia.
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Fig. 6.9. (a) XRD pattern with the identified tetragonal ZrsSis and the bcc y-U secondary phase regions
in the 5 wt% (31 at%) Zr-doped fuel sample. Unlabeled peaks on the diffraction pattern correspond with
UsSi» peak positions. (b) A representative BSE image with the solubility of Zr in the bulk indicated.

Lattice parameters determined from the XRD patterns were used to identify any composition
changes in the FP-doped UsSi» samples. The overall changes observed in unit cell volumes resulting from
FP-doping were calculated and are shown on a concentration basis by dividing the volume change by the
dopant concentration (22, 30, and 31 at% for Ce, Mo, and Zr, respectively) and are summarized in Table
6.4. Inclusion of Mo or Zr in the fuel resulted in lattice contraction, with Zr having the more dramatic effect.
Ce and Y doping resulted in apparent volume expansion, although the values for the Y-doped samples are
likely in error as the unit cell volume change from the dissolution of Y of could not be accurately determined
due to overlap of XRD peaks with those of both UsSi and y-U. The Ce and Zr FPs had similar levels of
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solubility in the bulk with similar, but opposite volume changes. The effect of Mo on unit cell volume fell
within error of nullity, confirming its lack of solubility in UsSi..

Table 6.4. UsSi; unit cell volume change due to FP-doping.

Fission Product (AV/V)/FPat% (%)

Ce 0.018+0.001
Mo -0.003+0.002
Zr -0.015+0.002

6.3.2. Mo/Zr Interactions with UsSi;

The produced 1:1 Mo:Zr alloy used to investigate Mo/Zr interactions with UsSi, contained two-
phases: A bcc Zr-rich alloy phase (Zro.s7M0o.3) and a fcc Mo-rich intermetallic phase (MoZr.) as determined
by XRD and SEM-EDS (Fig. 6.10), with the overall composition confirmed by EDS to be 50 at% Mo and
Zr.
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Fig. 6.10. (a) XRD pattern and (b) SEM image indicating EDS-confirmed chemical composition of the
Mo/Zr alloy.

Examination of the UsSi, face of the diffusion couple revealed a 16.6+0.7 um wide band of
UsMoSis as seen in Fig. 6.11. Zirconium was found dissolved in the UsMoSis intermetallic phase at a
concentration of 0.6+0.2 at%. The concentration of Mo and Zr in the bulk U;Si; was statistically
insignificant and no additional U-Si phases were detected in the sample.
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Fig. 6.11. (a) BSE image of the cross-section of the UsSi; side of the diffusion couple following heating
with (b) a second region of the sample. The white dotted line indicates the extent of UsMoSis ternary
formation in the fuel and the red dotted line represents the location of the interface with the alloy.

On the Mo:Zr alloy side of the diffusion couple, analysis indicated a concentration of <18+4 at%
U to a depth of 133£11 um into the alloy (Fig. 6.12). A border of acicular Zr,Si was observed behind the
U-diffusion front. ZrMoSi containing precipitated U metal (Fig. 6.12b) formed a 13+3 um thick region on
the surface of the alloy at the interface with the U3sSi.. No Si was detected in the Mo:Zr alloy.
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Fig. 6.12. (a) BSE image of the cross-section of the Mo/Zr alloy following heating of the diffusion couple
with (b) an acicular Zr;Si-containing region shown at higher magnification. White inclusions in the near-
surface region are precipitated U-metal, an example of which is circled.

6.3.3. Modeling

Computed phase formation and solubility of FPs in UsSi» served to help understand the observed
secondary phase generation and solubility limits. Thermodynamic modeling provided generally expected
phase assemblages and compositions for the stoichiometric and solution phases. First principles
calculations provided comparative formation energies and identified probable solute crystal lattice sites.

6.3.3.1. Thermodynamic Modeling

Experimental results were used in the development of an FP-silicide thermodynamic database for use in
describing burnup behavior including silicon partitioning. The database includes 64 compounds and 95
phases with 26 modeled solution phases. A summary of the systems included in the database is seen in
Table 6.5. The USi-based phase was modeled using the two-sublattice CEF of the TAF-ID provided
representation of (U,Pu)s4Siz4s [103]. A three-sublattice CEF model was used for (U,Pu,Ce,Gd,Zr)3Siz+x
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and (U,Pu,Ce,Gd,Zr)sSiz(Si,Va) [94] based on the current work and reported observations. UsSis.x was
similarly modeled using a UsSis(Si,Va) model, Va represents vacancies on the sublattice [94].

Table 6.5. Phases included in FP-silicide database

System Silicide Phases Ref.
U-Si" USis, USirgs, USi, UsSi, UsSizex, UsSisex [94, 103]
Ba-Si BaSi, BaSi [64]
Ce-Si CeSi, CeSiz, CesSiy, CesSis, CesSis [64, 104]
Gd-Si GdSiz, GdsSis, GASi, GdsSis, GdsSis [64, 107]

U-Mo-Si MoSiz, M0sSis, M0osSi, MoU,, UsMoSis” [103]

U-Zr-Si ZrSi, ZI’Siz, ZI’QSi, Zl’ssi, ZI’3Si5, ZI’3Si2, Zr58i4, ZI’5Si3, U.Zr [103]
Y-Si YSiz, Y3Sis, YSI, YsSia, YsSis [64]
Se-Si SeSi [64]
Pu-Si PusSis, PuSi gs, PuSi, PusSiy, [103]

“Compound thermodynamic values were optimized using analogous structure phases

Depletion calculations using the Serpent fuel code [114], provided fuel compositions at specific
burnups for a prototypic LWR. Using these compositions, equilibrium calculations were conducted at two
burnup levels: A high average burnup of 52.5 MWd/kgU and that of a possible high burnup region of 116.6
MWad/kgU at a uniform fuel temperature of 500°C [115]. The compositions are listed in Table 6.6 with the
resulting equilibrium phase assemblages given in Table 6.7.

Table 6.6. Example fuel composition from Serpent [114] depletion calculations for burnups of 52.5 and
116.6 MWd/kgU. Grouped elements appear on the same line, with the first element representing the
group in calculations.

116.6 MWd/kgU
Element(s) 5|\2/|'§|2A|¥ygtl?g# Mole Fractio%]

U 0.555 0.495
Si 0.398 0.398
Pu, Am, Cm, Np 0.010 0.030
Gd, Nd, Pm, Sm, Eu 0.008 0.016
Zr, Nb 0.008 0.016
Mo 0.007 0.015
Ce, Pr 0.006 0.012
Ba, Sr 0.005 0.009
Y, La 0.003 0.006
Se, Te 0.001 0.002
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Table 6.7. Calculated equilibrium phases in irradiated UsSi, at 500°C.
52.5 MWd/kgU  116.6 MWd/kgU

Phase Mole Fraction Mole Fraction
(U.Pu,Ce,Gd.Zr):Si 0.9249 0.8618
UsSi 0.0085 -
UsMoSi3 0.0354 0.0760
BaSi 0.0231 0.0445
Y5Sis 0.0031 0.0003
Y5Siy - 0.0057
Se (lig) 0.0050 0.0116

Plutonium is expected to substitute for U, forming a (U, Pu)sSiz solid solution. At both levels of
burnup considered, Ce, Gd, and Zr are present below their associated solubility limits as described above,
and thus not expected to precipitate in a second phase. The Y content is computed to result in the formation
of YsSis in the case of 52.5 MWd/kgU burnup, in contrast to the YsSis seen experimentally. However, both
YsSiz and YsSis were computed to be present at a burnup of 116.6 MWd/kgU, likely as a result of different
Si partitioning in the presence of higher FP content. Barium was predicted to form a monosilicide, and as
the rare earth elements exceed their solubility limit in UsSiy, they likely form a solid solution secondary
phase. Molybdenum is calculated to form the experimentally observed UsMoSis ternary, while elemental
Se is expected to be present as a liquid at 500°C. Formation of FP-silicide phases does result in the reduction
of some UsSi; yielding an amount of the U-rich U3Si phase at a burnup of 52.5 MWd/kgU. At 116.6
MWd/kgU burnup, UsSi was not found to develop at 500°C as all U produced in the reduction of UsSi; is
associated with the UsMoSis ternary.

Additional equilibrium calculations were performed for a temperature range of 25-1250°C for
comparison with DFT calculations and reported observations. The impact of fuel temperature on the phases
present in the system at 52.5 and 116.6 MWd/kgU burnup is seen in Tables 6.8 and 6.9.

Table 6.8. Equilibrium-predicted FP phases together with (U,Pu,Ce,Gd,Zr)sSiz as a function of
temperature at a burnup of 52.5 MWd/kgU.

Element 25°C 200°C 400°C 600°C 800°C 1000°C 1250°C

U UsSi UsSi UsSi UsSi Liquid” Liquid” Liquid”
Ba BaSi BaSi BaSi BaSi - - -
Ce - - - - - - -
Gd - - - - - - -

Mo U4|\/|OSi3 U4|\/|OSi3 U4MOSi3 U4MOSi3 U4|V|OSi3 U4MOSi3 U4|\/|OSi3
Pu - - - - - - -

Se Se (s) Se (s) Se () Se () Se (0) Se (0) Se ()

Y YSi YsSia YsSis YsSis YsSia YsSis -
Y58i3

Zr - - - - - - -

“Liquid solution of (U,Si,Pu,Ba,Ce,Gd,Mo,Y,Zr)
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Table 6.9. Equilibrium-predicted FP phases together with (U,Pu,Ce,Gd,Zr)sSi. as a function of
temperature at a burnup of 116.6 MWd/kgU

Element 25°C 200°C 400°C 600°C 800°C 1000°C 1250°C

U UsSi - - - Liquid® Liquid” Liquid®
Ba BaSi BaSi BaSi BaSi BaSi BaSi -

Ce - - - - - - -

Gd - - - - - - -

Mo UsMoSis UsMoSis; UsMoSis; UsMoSis UsMoSi;  UsMoSis UsMoSis
Pu - - - - - - -

Se Se (s) Se (s) Se () Se () Se () Se (9) Se ()
Y YSi YSi YsSia YsSis YsSia YsSis YSi YSi

YsSis
Zr - - - - - - -

“Liquid solution of (U,Si,Pu,Ba,Ce,Gd,Mo,Y,Zr)

At ~640°C at the lower burnup level, some BaSi is reduced to Ba. This reduction of BaSi is a result
of the solubility of Ba in U [103] as it coincides with the degradation of UsSi and the formation of a bcc
phase, to which the Ba metal will partition to. At ~726°C, this bcc solution will begin to melt, ultimately
forming a U,Si,Pu,Ba,Ce,Gd,Mo,Y,Zr liquid, where by 775°C, all remaining BaSi will have been reduced.
Yttrium undergoes a series of transitions over the temperature range, forming a monosilicide at low
temperatures before transitioning to YsSis, and then YsSis. At increased burnup, the YsSis will transition
back to YsSis and then YSi forming from Si liberated by the decomposition of BaSi. As the temperature
increases, the availability of Si for silicide formation will vary due to the FP phase changes noted above
and decomposition of UzSi such that partitioning of Si to the computed (U,Pu,Ce,Gd,Zr)sSi, phase increases
1-3% between 25°C and 1250°C, depending on the level of burnup.

6.3.3.2. First Principles Calculations

Defect formation energies for select FPs (Ba, Ce, Gd, Pu, Y) occupying sites in UsSi, were
calculated by DFT using a 2x2x3 supercell, with Fig. 6.13 displaying the substitutional and interstitial sites
considered. The U1, U2, Si, and interstitial sites at 4 Wyckoff positions (2b, 2c, 4g, and 4h), were explored
for potential FP incorporation as these were previously shown to be the only interstitial positions for stable
FP inclusion [97]. In the case of Y, two YsSis structures were considered: Monoclinic (P2:/c) and
orthorhombic (Pnma) as both structures have been experimentally reported [116, 117], with the Pnma phase
found to be more stable by 3meV [118].
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Fig. 6.13. UsSi; structure with red spheres indicating potential interstitial sites.

Ce, Gd, and Pu were all found soluble in UsSiy, preferring substitution on the U2 site, while
substitution on Si sites or interstitial formation yielded positive enthalpy changes. Elemental Ba and Y,
however, were determined to be insoluble and resulted in secondary phase formation. The calculated AEs
for FPs incorporated on U1 and U2 sites are listed in Table 6.10. The Si and 2b sites were also considered,
however the energies for elements incorporated on those sites were prohibitively positive.

Various secondary FP-silicide phases were also considered and in the case of each FP (Ba, Ce, Gd,
Pu, Y), the monosilicide was the most energetically stable as shown in Table 6.11. This was reflected as
well in conventional thermodynamic equilibrium calculations mimicking the 0 K DFT condition (4 K).

Table 6.10. Calculated solvation energy, 4Esq, of Pu- and FP-silicide phases in UsSi,.

Element Mixing Phases AEs (ev/atom)
Barium BaSi UsSi 1.078
BaSi U 1.007
BasSi3 USi 1.112
Ba,Si USi 1.120
Cerium CeSi UsSi -0.122
CeSi U -0.057
CesSiy UsSi -0.084
CesSis U -0.058
CesSis USi -0.812
CesSi» U, Si -0.793
Gadolinium GdSi UsSi -0.453
GdSi U -0.524
GdsSis UsSi -0.593
GdsSia U -0.621
GdsSis USi -0.704
Gd UsSi -1.205
Plutonium PuSi UsSi -0.589
PuSi U -0.660
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PU3Si2 U, Si -1.061

PusSis USi -0.691

Yttrium YSi UsSi 0.762
YSi U 0.692

YsSis (P24/C) UsSi 0.631

YsSis (P21/c) U 0.602

YsSis (PNma) UsSi 0.635

YsSis (Pnma) U 0.607

YsSis USi 0.559

Table 6.11. Computed formation enthalpies, AHs, for secondary phase formation.

Element Phase AH; (ev/atom)
Cerium CeSi -0.651
CesSiy -0.598
CesSis -0.550
Barium BaSi; -0.359
BasSis -0.406
BaSi -0.422
BasSis -0.331
Ba,Si -0.310
Gadolinium GdsSis -0.657
GdsSis -0.739
GdSi -0.825
Plutonium PusSi; -0.297
PusSis -0.510
PuSi -0.633
Yttrium YSi -0.851
Y58i4 (P21/C) -0.773
YsSis (PNma) -0.776
YsSis -0.720

6.4. Discussion

The solubility of Ce and Zr was expected to be considerable as they form silicides with the same
stoichiometry and very similar structures. And indeed, Ce and Zr were determined to be soluble in the
UsSi> matrix with EDS-determined solubility limits of ~3.6 at%, where the measurements represent the first
instance of Ce observed in UsSi,. While this is a low value, the concentrations of Ce or Zr produced during
fuel burnup is unlikely to exceed this solubility limit. The measured value of Zr solubility falls below the
previously reported value of about 9.5 at% [95] and requires further investigation. The current DFT
calculations also indicated that the dissolution of Ce in UsSi; to be more energetically favored than
secondary phase formation.
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Based on lattice parameter determinations from XRD, Mo-doping of UsSi; resulted in an apparent
lattice contraction of 0.003%, a value significantly below that calculated for other dopants and essentially
negligible. This apparent lack of solubility agrees with EDS results as well as observations made by others
[100, 119]. Yttrium was also seen to have no statistically significant solubility in the UsSi, and DFT
calculations indicate secondary phase formation is energetically favored over dissolution. The Ce and Zr
solubility limits of ~3.6 at%, result in in a UsSi; lattice expansion of 0.018% per atom% for Ce and a
contraction of 0.015% per atom% for Zr. The variation agrees with expectations based on the lattice
parameters of CesSiz, UsSiz, and ZrsSiz, wherein the Ce-silicide has the largest unit cell and Zr has the
smallest of the three [10, 105, 120].

Above their solubility limits Ce and Zr in addition to Y were also observed to react with UsSi; to
form FPsSis phases. However, thermodynamically, YsSis was predicted rather than the YsSis we observed.
The apparent inability to experimentally achieve equilibrium in the Y-doped sample may explain the
discrepancy. YSi was observed by Ugajin and Itoh [95] in samples annealed above 1000°C as part of a rare
earth monosilicide solid solution. The solubility of Y in this solid solution may account for the lack of YsSis;
found in their work. Similarly, CeSi was not identified in our Ce-doped sample despite computational
predictions and previously reported experimental efforts [95]. Thermodynamic calculations determined that
the stability of CeSi is dictated by Si availability in the system. Small changes to Si content was found to
result in the Ce phase switching between CeSi and CesSis. As our samples were fabricated at different
concentration and annealing conditions from those of Ugajin and Itoh [95], this explains their observation
of CeSi while we found CesSi4 in our own samples. In Ugajin and Itoh’s work [95], Zr was indicated to be
present in an “unidentified U-Zr-Si compound.” That U-Zr-Si phase may be the ZrsSi, identified in samples
in the current effort, where Ugajin and Itoh’s [95] analysis may have been confounded by possible
dissolution of U in ZrsSis and/or proximity to a-U making analysis difficult. The formation of the UsMoSis
ternary phase in the Mo-doped sample in this work, however, does align with the report by Ugajin and Itoh
[95] of a UsMo(Mo,Sii«)Si2 phase.

In the current effort the presence of FPs Mo, Y, and Zr appear to encourage elemental U formation
from UsSi; at the high annealing temperatures, with the anomalous appearance UsSi as well in the Y-
containing samples. Uranium-rich phases are expected as a result of preferential FP-silicide formation over
UsSio. From 0 K DFT calculations the UsSi phase is the most stable U-Si compound that forms in the
reduction of UsSi, by FPs, in agreement with thermodynamic equilibrium calculations. However, our
samples were annealed at 1250°C, a temperature well above the ~920°C U;Si decomposition temperature
thus, the y-U phase is the product of the reduction of UsSi..

At 1250°C, Mo has significant solubility in y-U [121] and the existence of a y-(U,Mo0) phase in the
Mo-doped sample is consistent with reported experimental results [100, 119]. The thermodynamic
calculations predict the occurrence of y-U in the UsSi, doped with Mo at temperatures above 800°C as the
decomposition temperature of UsSi phase decreases due to the higher stability of the y-U phase with solute
Mo. Uranium and Zr also form a highly stable solid solution of similarly structured y-U/B-Zr at temperatures
above ~615°C [64], confirmed by the current work by measurements of Zr dissolved in y-U in the Zr-doped
sample. As previously discussed, the existence of elemental U in the Y-doped sample is expected to be a
result of the sample not reaching equilibrium.

Cerium-doped UsSi, did not result in the development of phases other than CesSis. While the
individual Mo, Y, and Zr samples were fabricated by doping UsSi, with either 30 at% Mo, 32 at% Y, or 31
at% Zr, the UsSi; doped with Ce had a significantly lower concentration of 22 at%. The limit for U
substitution by Ce does not appear to have been reached as no U-rich phases were observed.

The asymmetrical elemental concentrations in the diffusion couple in of 1:1 Mo:Zr alloy and UsSi»
indicates substantially differing rates and/or driving forces. While U and Si transport readily into the alloy,
both FP elements had lower mobility in the silicide. Furthermore, the presence of Zr in the sample did not
hinder the formation of a U-Mo-Si ternary phase containing a small fraction of Zr. The overall trend of
diffusion and phase formation seen in the alloy reveals the preference for U to diffuse into the Zr-rich bcc
phase at 1200°C. This echoes previously witnessed U diffusion in Zircalloy and is a result of elemental U
and Zr forming similar bcc phases [122].
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While Si did diffuse from UsSi; into the Mo:Zr alloy, unlike U, it was not found to dissolve in any
either alloy or intermetallic phase and manifested as either Zr,Si or ZrMoSi, with Zr,Si found adjacent to
ZrMo: indicating its preference over forming a Mo-Zr solution phase. The ZrMo2 or Zro.s7M0o.13 solution
phase will also preferentially react with the diffusing Si to produce the ZrMoSi ternary.

After high burnup the nature of the phases computed to form appear to remain unchanged as it
progresses to an extreme that might be expected in the high burnup region of fuel pellets: UsSi, reacts to
form FP-silicides and U3Si, as observed experimentally. The calculations also suggest there is insufficient
Si liberated by fissioning to form stable FP-silicides causing an amount of the UsSi, fuel to be reduced to
UsSi. For the computed burnups of 52.5 and 116.6 MWd/kgU, ~5.5 and ~12.3 atom%, respectively, of
uranium from UsSi, will be lost due to fissioning [123] and ~0.3% of the remaining UsSi> will be reduced
to UsSi at typical operating conditions in the production of FP-silicide phases. In the case of 116.6
MWd/kgU burnup, smaller amounts of UsSi were produced at low temperatures compared to the 52.5
MWad/kgU as U and Si produced through the consumption of UsSi, during FP-silicide formation was used
in the production UsMoSis. As the concentration of Mo in the fuel doubled with the increase in burnup,
more of the excess U and Si were incorporated into the generation of increased amounts of UsMoSis. An
example of elemental partitioning among the fuel and secondary phases for 52.5 MWd/kgU was estimated
with the results seen in Table 6.12.

Table 6.12. Estimated phase assemblage/Si partitioning at 500°C in UsSi, at 52.5 MWd/kgU burnup.

Phase Mole Fraction
(U,Pu,Zr,Ce,Pr,Np,Nd,Sm,Gd)sSi, 0.8439
(U,Pu,Zr,Ce,Pr,Np)sSi 0.0089
U4(Mo,Pd, Tc,Rh,Ru)Sis 0.0885
(Ba,Sr)Si 0.0226
(Y,La)sSis 0.0030
(Cs,Rb)I 0.0018
Others (Cs,Rb,Te,Cd) 0.0318
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7. U-Si-N System Thermodynamics and Phase Equilibria

Currently, only three research groups have prepared the UN- UsSi» composite to study its properties
[124-128]. Johnson et al. [125] fabricated the UsSi, by conventional arc melting techniques and prepared
the UN powder by hydriding-nitriding methods; the composite was formed by mixing ground silicide
particles with the UN powder and sintering using spark plasma sintering (SPS) at 1450 °C. Liquid phase
sintering of UN-UsSi, fuel has been patented [127] as a means to improve densities, with sintering at
temperatures close to the melting point of UsSi,, and where >90% theoretical density was achieved. Current
work by Ortega et al. [128] and White et al. [124] use this technique, sintering at temperatures above 1700
°C.

As a consequence of sintering above the melting point of UsSi, an unknown ternary phase of U-Si-
N composition was observed by both Johnson, et al. [125] and White et al. [124] using SEM-EDS.
Identification of the U-Si-N ternary phase was beyond the scope of their work, thus the composition of this
phase has not been determined nor how its formation may affect overall fuel performance. In the current
work efforts were made to identify the ternary phase using experimental and computational techniques.

7.1. Methodology

7.1.1. Experimental
7.1.1.1. Synthesis

UsSi, ingots were arc-melted under gettered Ar-N. gas mixtures. The UsSi, feedstock was
characterized by SEM and XRD before arc melting. UsSi, buttons were nitrided under two flowing cover
compositions: 99% Ar - 1% N2 (1% N2) and 90% Ar — 10% N2 (10% N). The arc melting technique was
similar to the preparation of the U-Si samples. The O, concentration at the start of each sample melt was
less than 107 ppm at the inlet and outlet of the system. Each sample was melted 3 times being flipped after
each melt.

7.1.1.2. Characterization

SEM and XRD analysis were used to determine composition and for phase identification for each
of the as-melted binary and nitrided samples. SEM samples were prepared by fracturing the buttons, potting
them in epoxy and grinding and polishing using multiple grit sizes of SiC grinding discs and a 3 pm diamond
suspension for the final polish. A Phenom ProX SEM (Phenom-World, Phoenix, Arizona, USA) equipped
with a backscatter electron detector and energy dispersive spectrometer (EDS) was used for imaging and
analyzing the as-melted samples. XRD samples were prepared by grinding button fragments using a mortar
and pestle in an argon atmosphere glovebox. The powder was mounted on a Si crystal zero-background
plate using a thin layer of vacuum grease, and then O-ring sealed inside a polymer dome while inside the
glovebox to reduce the risk of oxidation. The polymer dome had an air scatter shield to minimize the
background to signal contribution. The XRD pattern was collected on a Bruker XRD (D2 Phaser, Bruker
AXS, Madison, WI, USA), from 15° to 90° 26 with a 5 s hold and a 0.01° step size. Rietveld refinement of
the powdered XRD were conducted using the MAUD software package [129]. To evaluate any phase
transformation, differential scanning calorimetry (DSC) measurements were conducted using a DSC 404
F3 Pegasus (Netzsch Instruments) with a heating rate of 20 K min to a final temperature of 973 K. Multiple
thermal cycles were conducted on each sample to indicate reversible transitions.
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7.1.2. Modeling
7.1.2.1. Density Functional Theory

First-principle calculations of the total energies of the different USiy configurations were performed
using DFT, as implemented in the Vienna ab initio Simulation Package (VASP) [79, 130] pseudopotential
code. The electronic exchange and correlation energies were calculated with the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) formalism [110]. The valence electrons
that were explicitly treated in the calculations were 6s26p°6d25f27s? for U; 3s23p? for Si and a cut-off energy
of 600 eV was used. Based on previous work by [43], the DFT+U formalism with the Dudarev
implementation of the Hubbard correlation of U = 1.50 eV was used to handle the strong correlation of the
5f electrons. A k-point spacing of 2z x 0.06 A° ~* was used to generate Monkhorst-Pack k-point grids for
Brillouin sampling zone [131]. The total electronic energy convergence criterion was set to be at least 10
eV and the volume and shape of the cells were permitted to vary.

The DFT+U formalism was used as a fitness function for the evolutionary algorithm USPEX [132]
to evaluate the stability and atomic structure of UsSis compound. The initial structures for the UsSis
compound was randomly generated using the USPEX. Each new generation is then generated from a
combination of: (i) the best-performing structure in the previous generation, and (ii) structures created using
genetic operations. With this methodology the code is able to reliably predict ground state structures, and
therefore is employed here.

The evolutionary algorithm was used in two different modes: (i) variable-composition and (ii)
fixed-composition. The former was employed to construct the convex hull for the U-Si system and assess
the reliability of the evolutionary algorithm. Up to 2500 structural relaxation calculations were performed
in this mode. The latter mode was used to calculate the ground state for the known UsSi, phase as a
validation step, and for assessing the ground state of the UsSis with unit cells of U10Sis and UxSiis. No
initial assumptions about the crystal structures of the known phases were used in either of the modes. The
reported structural symmetry was obtained from the FINDSYM [133] algorithm, using a tolerance of 0.1
A. The single unit cell DFT+U method was used for assessing the thermodynamic stability of the UsSis
structure that was proposed by Noél et al. [40].

The U-Si-N ternary phase spaced was probed using DFT+U methods; keeping the value of Ues
=1.5 eV for UsSi» [43] and applying Ues =1.85 eV for UN, two ternary candidates were investigated by
systematically varying the Ues values from 0-2.5 eV. A K-point spacing of <0.2 A and a cut-off energy of
520 eV was used. Volume and shape of the unit cells were allowed to vary during minimization with a
convergence criterion of 0.02 eV/A.

7.1.2.2. Cluster Expansion
Using Cluster Expansion (CE) over the USi-USi; phase space the total configurational energy, i.e.,

enthalpy (H) of configurations (s) for USi>x (2 < x > 1), was determined where lattice sites i are occupied
by Si or vacancies. The H(s) values are found from

my N N m3 N N N
H(s) = Z m(l)]‘gll)Zsl Z m(z) )ZZS iSj + Z m(3) )ZZZS SjSk + -
a=1 a=1 i=1j=1 az=1 i=1j=1k=1

7.1
where my is the number of clusters oy that have interaction strength /. and multiplicity m,, with1=1,2, 3

being the number of interacting lattice sites. To calculate the suitable H(s), a finite set of clusters a and
coefficients J, were generated by using the MIT ab-initio phase stability (maps) code provided with the
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ATAT toolkit [134, 135]. An optimized expression of H(s) can be created using the formation energy E; for
a particular configuration, i, obtained from DFT, by using

AE; = E(USi,_y) — [¥E(USI) + (1 — x)E(USi)],2 < x > 1 7.2

where E(USi.), E(USi) and E(USi,) are the DFT free energies of USi., pure USi and pure USiy,
respectively.

7.1.2.3. CALPHAD Modeling

The CALPHAD method was used to calculate the U-Si-N ternary phase diagram to represent the
phase equilibria of the UN- U3Si, composite fuel. This method uses mathematical models with adjustable
parameters to represent Gibbs energy functions that are stored in a database and used to calculate phase
equilibria across multicomponent systems. A set of internally consistent thermodynamic databases
containing a description of the Gibbs energy for each phase is used for equilibrium calculations. The Gibbs
energy functions are optimized using available experimental data from the literature to reproduce key
thermodynamic properties. The binary systems U-N, U-Si and N-Si have been assessed using literature data
[14, 37, 74, 136]and provide an extrapolation to the ternary U-Si-N phase space. For compounds with no
experimental measurements, e.g., heat capacity, one can apply the Neumann-Kopp rule [60] which takes
the average value of the pure elements in their reference state (SER). Then the molar Gibbs energy of a
given phase o, is expressed as follows, with b; being the stoichiometric factor and ao and a; are fitting
coefficients:

GZ — ¥, b;GPER = ag + a,T 7.3

The ternary Gibbs energy parameters for U-Si-N compounds are catalogued in this manner since
no experimentally available data confirms their compositional existence and therefore thermophysical data
is also lacking.

7.2. Results
7.2.1. Experimental Results

The formation of a U-Si-N ternary phase was achieved by arc melting UsSi, buttons under a partial
nitrogen atmosphere. Figure 7.1 shows a picture of the UsSi, button before and after arc melting under 90%
Ar —10% No..

Fig. 7.1. Image of (A) UsSi, before arc melting in N, atmosphere and (B) UsSi; after arc melting in N
atmosphere
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Phase separation in the arc melted samples occurred for those treated in either the 90% Ar — 10% N>
or 99% Ar — 1% N atmospheric conditions. The microstructures and XRD diffraction patterns for the UsSi;
samples nitrided in 1% N, and 10% N are shown in Figs. 7.2 and 7.4, respectively.

Fig. 7.2. SEM images of UsSi, buttons that were nitrided under (a) 99% Ar - 1% N2 (1% N) and (b) 90%
Ar —10% N2 (10% N2)

The microstructure for the sample prepared in the 1% N, appears less complex than that of the one
prepared in 10% N,. The images showed two phases identified as UN and a Si-rich phase by EDS analysis,
and the XRD pattern for this sample revealed that the phases present are UN, UsSi, and USi. As for the
10% N> cover gas prepared samples the backscatter images revealed that there are three phases, one of
which contained all three elements as determined by EDS. The EDS system could not be utilized for
quantitative determinations as the uranium electron density causes difficulties in measuring light element
content. Figure 7.3 shows a representative EDS map for the 10%N, sample.

U

Fig. 7.3. EDS map of the UsSi2 nitrided in 90%Ar-10%N..

The XRD pattern for the 10% N, sample revealed UN, UsSi», and USi as the major phases and a
minor phase of unknown structure. There were three peaks at 26.085°, 29.638°, and 39.883° that could not
be indexed. Additionally, these unidentified peaks did not appear in the sample prepared in 1% N2. The
minor phase present in the XRD pattern for the 10%N; sample could be associated with the U-Si-N phase
that was found in the microstructure. When compared to the starting material the XRD diffraction patterns
also revealed shifts in UsSi, reflections for all angles in both the 1% and 10% N samples.
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As the carbide and nitride systems of uranium are similar in many respects [137, 138], it is
suggested that the U2,Si1sN3 and/or UsSi>N2 could be a possible candidates for the observed ternary phase(s)
analogous to the thermodynamically stable U-Si-C ternary compounds U2Si1sCs and UsSi>C,. Pottgen et
al. [139] have observed and determined the structure of the U2,Si1sCs and UsSi>C,. As an attempt to fit the
unidentified peaks, Rietveld refinements were performed considering the ternary structures present in the
U-Si-C system; U2SisCs (P6/mmm), UsSi>C, (14/mmm) and UsSi,Cs (I4/mmm and Immm). The
unidentified peaks in the experimental pattern along with other low intensity reflections were a good fit to
the U0Si1sNs3 structure type. The refined structure showed a significant increase in the lattice parameter in
comparison with U20Si16Cs, which is expected since nitrogen is a bigger element with larger atomic radius
when compared to carbon. Table 7.1 gives a summary of the phases for each of the samples, with lattice
parameters and the best fit ternary phase.

TR TR N . . . . . TR I N
1 — UsSi-10%N, 4 USi PDF-01-075-1961
m U3Sip PDF-00-047-1070|
® UNPDF-00-032-1397 |

* *

7] U3Sip - 1% Ny A USIPDF-01-075-1961 ||
m Ui, PDF-00-047-1070 |

] ® UNPDF-00-032-1397 |~
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Fig. 7.4. XRD patterns for UsSi, samples that were nitrided under 99% Ar - 1% N, and (b) 90% Ar —
10% N2 indexed using PDF's for UsSi, [47], USi [47] and UN [140]. * indicates unidentified peaks.
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Table 7.1. Crystallographic Data of the UsSi>+10%N, and UsSi>+1%N, compared to the starting
Material. Data was obtained using the MAUD [129] refinement software.

Sample Phase Space Group | Lattice parameters (A)
UsSi» UsSiz P4/mbm a=7.239 b=7.239 ¢ = 3.905
UsSi>+1%N; UsSi P4/mbm a=7.309 b=7.309 c=3.942
UsSi Pnma a=5.662 b=7.663 ¢=3.900
UN Fm-3m a=4.892 b=4.892 c=4.892
UsSi>+10%N; UsSi» P4/mbm a=7.307 b=7.307 c=3.941
UsSi Pnma a=5.656 b=7.665 ¢c=3.899
UN Fm-3m a=4.891 a=4.891 c=4.891
U20SisN3s | P6/mmm a=10.427 b=10.427 c¢=7.908

7.2.2. Computational Results

The symmetry of the optimized unit cells was verified with a tolerance of 0.05 A for atomic positions
and unit cell lengths. All Uer values in-between and including 0.3eV and 1.9eV applied to the UzSiisN3
system produced a unit cell that had P6/mmm symmetry. Lower Ut values caused the unit cell to relax to
a P6/m structure while for higher U values it relaxed to a P-3m1 structure. After geometry optimization
of both the U2Si1sN3 and UsSizN; structures, the lattice parameters were observed to vary with the on-site
Coulombic correction (generally increasing with Ue— the exception being the a/b parameter in UsSizNy).
The variation in lattice parameters are reported in Table 7.2. Figure 7.5 shows the most stable calculated
crystal structure for UxSiisN3 and UsSi>N2 respectively.

Table 7.2. Lattice constants of U20Si16N3 after geometry optimization with varying on-site Coulombic
correction (Ueff) and the structure symmetry (with 0.05 tolerance). The lattice constants of U3Si2N2 are
also given.

TUapSi1gNa UsBiaN;
Uss a (i) b (A) c(4) Symmetry (0.05 A a and b (A) c (A)
tolerance)

0 10.2752 10.2752 79776 Pé/m 3.6431 16.5160
0.1 102927 102874 79796 P6m 3.6432 16.5397
03 10,3641 103687 79383 Po&/mmm 3.6433 16.6101
0.5 10,2897 102910 8.0164 Pémmm 3.6446 16.6840
0.7 10,5077 105215 8.1815 Pé/mmm 36442 16.8093
0.9 10.4063 10.4244 8.0760 Pd/‘mmm 3.6374 16.9837
1.1 10.4305 10.4427 8.1210 Pé/mmm 3.6228 17.3304
1.3 10.4805 10.4937 8.1634 Pd/mmm 3.6150 17.5354
1.5 105136 10,5315 8.1767 P6/mmm 3.5978 18.1608
1.7 10,5577 10,5720 82029 P6&/mmm 3.6065 18.2064
19 10,5846 10.5854 82252 Pé/mmm 36169 17.9487
21 10.5977 10,6253 82595 P-3ml 3.6401 17.8633
23 10.6330 10,6628 83959 PI 3.5835 18.7948
2.5 10.6485 10,6542 83455 PI 3.5885 18.8281
27 10,6621 10.679% 83611 P! 3.5929 18.861%
2.9 10.6722 10,6843 83660 PJ 3.5982 18.8953

Since there is no experimental information concerning the thermophysical properties of the ternary
U-Si-N compositions of interest, the parameters are adjusted based their stability with respect to the binary
components. The ternary parameters for U20SiisN3 and UsSizN2 were evaluated using the ‘Mixer’ feature
in the Compound module of FACTSAGE. The Gibbs energy function for each of the ternary phases was
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adjusted with a positive energy to destabilize the phases with respect to the binary phases. U2Si1sN3 was
generated using 8U3Si, + 3UN — 7U — U,,Si;4N3, with the Gibbs energy parameter adjusted by 14,308
(J/mol) to obtain appropriate stability with

GU20S116N3 — g gU3Siz 4 3 GUN _ 76U 1 14,308 (J/mol) 7.4
Similarly, the other composition of interest, UsSi2N2 was generated from

UsSiy + 2UN — 2U — UsSi,N, 7.5

and stabilized with 198,466 (J/mol):

GU3S12N2 — GU3Si2 4 2GUN _ 26U 1 198,466 (J/mol) 7.6

The coefficients for these ternary stoichiometric compound and their resulting enthalpies of formation are

listed in Table 7.3.
Uj0Si16N3 U,SisN,

0.
&0

"

i . ]
08
8°8
88

Fig. 7.5. Structure of U2Si1sN3 along the z-axis (upper) and along the x/y-axis (lower) and UsSi2No.

Table 7.3. Coefficients for Gibbs energy parameters evaluated via Neumann-Kopp type methods for the
U20Si16N3 and UsSizN- ternary compounds

Gibbs Energy Parameter (J/mol) AsH3gg15 (kJ/mol)

GU20S116N3 — _2650000.75 + 10394.46 T —1745.37TInT
—0.17T? — 4.43 x 10° + 10448284.8 T~ 1 -2276.7
+28.89 T15 — 18372T>

GU3SiZN2 — _590000.15 + 876.71 T —186.45TInT —9.91 X
107372 —-7.53 x1077T3 + 1874449.48 T 1 + 2939.81InT -507.2
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7.3. Discussion

The formation of a ternary phase in U-Si-N system was assessed by arc-melting UsSi, buttons in partial
N2 atmosphere. Due to difficulties in controlling the arc in the presence nitrogen, only two conditions were
tested, with 1% Nzand 10% N2 in Ar. While no ternary phase was observed in the lower N> samples, the
addition of the nitrogen did cause a fraction of the UsSiz to form USi and UN. Additionally, the lattice
spacing of the remaining UsSi; increased compared to the original UsSiz, indicating some solubility for
nitrogen. The as-cast UsSi; melted in higher N2 concentration produced UsSiz, USi, UN and a ternary U-Si-
N phases. The formation of the same ternary phase by different methods, demonstrates it is a
thermodynamic stabile phase.

The uranium nitride and the uranium carbide systems are thermodynamically similar [137, 138]. The
U-Si-C system has several ternary phases that have been identified and their structures are well
characterized [52, 139, 141]. Two thermodynamically stable structures reported for the U-Si-C ternary
include the U2Si1sCs and UsSi,C; phases; additionally, varying degrees of carbon solubility in binary U-Si
phases have been reported [52]. A thermodynamic assessment of U-Si-C has been performed by [74, 142],
the latter description [74] relied on the binary descriptions of [143], [37] and [144] for the Si-C, U-Si and
U-C descriptions respectively. The two ternary phases were assessed as stoichiometric compounds and the
solubility of carbon in UsSi, (up to 4% at.) was also included. Using the U-Si-C ternary as an analog to U-
Si-N, we identified that two possible ternary phases could be U20SiisNs or UsSizN2, with supporting DFT
results showing USiisN3 being the more stable of the two. The XRD results also supported formation of
the Uz0SiisN3 phase.

Thermochemical values for the potential ternary phases were generated from the assessed binary
systems using a Neumann-Kopp type algebraic sum of either elements in their standard state and/or binary
or higher order constituents. Since there is no experimental information concerning the thermophysical
properties on the ternary U-Si-N compositions of interest, the parameters adjusted based their stability with
respect to the binary components. The U-Si-C diagram together with a calculated U-Si-N phase diagram
are seen in Fig. 7.6.
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/ 3
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U 08 06 ;04 USi, USizo02 Si [J) 08 8,0&, usi uos‘i Usi, usi, 02 Si
U,Si, U,Sis X

: mole fraction
mole fraction

Fig. 7.6. The U-Si-C phase diagram and the analogous calculated U-Si-N phase diagram at 950°C.
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8. Conclusions

The goal of the completed NEUP project was to develop an understanding of the phase equilibria
of uranium silicide-nitride fuel, including behavior with respect to alternative cladding systems and
response to the fission process. Early in the project it was understood that there was no longer a commercial
interest in the inclusion of the nitride phase and thus the fundamental silicide-nitride composite work
continued, but was de-emphasized.

This report thus represents efforts to better understand and refine the thermodynamics and phase
equilibria of the U-Si and U-Si-N systems and has resulted in more detailed and accurate phase equilibria
and thermodynamic models. Experimental and computational work addressing the compatibility of UsSi,
with Zircaloy-4, a ferritic FeCrAlY alloy, and SiC have revealed likely interactions and phase formation.
Finally, experimental investigations supported by first principles calculations of UsSi; together with
representative fission product elements has revealed solubilities and potential phase formation during
burnup, allowing prediction of phase behavior under irradiation. Key conclusions of the effort are provided
below.

e The U;Si, phase exhibits a homogeneity range from room temperature to its melting point as a
hyperstoichiometric composition of UsSi; was was found to be a single phase from room
temperature to a maximum temperature of 1100 °C. This nonstoichiometric sample had a
composition of 40.12 at.% Si and DFT predicted a stoichiometric deviation from Us3Si1.¢5t0 UsSizs.
This data agrees with earlier claims of nonstoichiometry in UsSi,, and as such, a solid solution
model was used for describing the UsSi, phase field during the CALPHAD assessment.

o  UsSis (P6/mmm space group) should not be considered as an equilibrium phase in the U-Si system.
The phase could potentially be metastable with negative energy of formation located 2 meV above
the U-Si convex hull and has a stable isostructural ternary phase, USiisCs (P6/mmm). This
suggests that the binary could be stabilized by a third element.

e The crystal structure of the USi phase was confirmed as having a tetragonal supercell with an
14/mmm space group and invariant stoichiometry of USio.gg.

e Above 450 °C, the UsSis phase was found to exhibit a homogeneity range. Below 450 °C, UsSis
was found to exist with another unidentified phase. The nature of this other phase was unclear and
further work is suggested. Regarding the equilibrium phase diagram, it is recommended that this
phase transition not be included until more knowledge is acquired.

o The composition of the tetragonal a-USi, phase was found to be ~USi1 g4 after annealing for 72
hours at 1200 °C. It is to be reported as a line compound because any composition above 64.8 at.%
Si exists as a two-phase region between USii g4 and USis

e The stoichiometric USi, phase was found to be metastable from both experimental and
computational techniques, and as such, it is recommended that the phase not be a part of the U-Si
equilibrium phase diagram. The AIB,-type USi, phase was found to be dynamically stable and had
a formation energy 2meV above the convex hull indicating that it could be formed experimentally
if conditions are favorable. This serves as an explanation for the experimental inconsistency.

e A thermodynamic database for the U-Si phase containing the optimized parameters has been
developed and an overall good agreement between the calculated diagram and the experimental
phase diagram data was achieved. Representing the UsSi, phase as a 3 sublattice model accurately
accounts for Si interstitial defects, which are the primary defects found in this structure.

e Investigations of the U-Si-N system identified the ternary phase U2,SiisNs with space group
P6/mmm, demonstrating similarity with the U-Si-C system. First principles calculations for the
U2Si1sN3 and UsSizN2 phases determined only the latter to be energetically favorable compared to
UN and UzNj3 for value U values of ~1.1 eV. This value also produced lattice parameters very
closely to those observed experimentally. The UsSi;N. phase was only energetically stable
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assuming high Ues values (2.1eV-2.5eV), which indicates it is likely not be stable in the U-Si-N
system.

The impact of individual FPs on the fuel was considered through the characterization of samples
doped with 5 wt% of Ce, Mo, Y, or Zr. Of the four FPs considered, Ce and Zr were determined to
have ~3.6 at% solubility in U3Siz while Mo and Y were found to be insoluble, and the previously
predicted UsMoSis; was observed.

Reduction of UsSi; from FP silicide formation occurs and results in the precipitation of an
additional U-rich phase. DFT calculations were used to evaluate the behavior of the FPs Ba and Gd
as well as Pu in the absence of other data. They all were predicted to form monosilicides in
equilibrium with UsSiy, in agreement with conventional thermodynamic equilibrium calculations.
In addition, Ce, Gd, and Pu were computed to have finite solubility in UsSi..

A set of thermodynamic values were generated for UsSi,-FP to predict phase behavior in irradiated
fuel. Utilizing the thermodynamic models and values it was determined that FP-silicide formation
will cause some reduction of a minor fraction of UsSiz to a lower silicide at high burnups.
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