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HIGHLIGHTS

e Bulk and axial moduli of U3Sis were determined by high-pressure X-ray diffraction combined with diamond anvil cell technique.
e UsSis exhibits an anisotropy in compressibility with its c-axis being 2.2 times more compressible than the a-axis.
o Density functional theory was used to calculate the elastic parameters of UsSis, which agree with the experimental values.

ARTICLE INFO ABSTRACT

Article history:

Received 8 April 2020
Received in revised form

15 May 2020

Accepted 29 June 2020
Available online 10 July 2020

We present an integrated experimental and theoretical study of the structural behavior of UsSis at high-
pressure conditions using angle-dispersive synchrotron X-ray diffraction (XRD) in a diamond anvil cell
(DAC) and density functional theory (DFT) calculations. On increasing pressure, the ambient hexagonal
structure of UsSis with space group P6/mmm remains stable up to 16.7 GPa, the maximum pressure
tested with DAC. The bulk modulus and the a- and c-axial moduli of U3Sis were experimentally deter-

mined to be 126 + 4 GPa, 173 + 8 GPa and 79.7 + 4.3 GPa, respectively. Thus an anisotropy in the axial
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compressibility of UsSis is observed with its c-axis being more compressible than the a-axis. Our DFT
calculation results are in general agreement with the experimental values, including reproducing the
compressibility anisotropy. A comparison of the bulk modulus of U3Sis to those of other U—Si compounds
reveals a general trend that the bulk modulus of U-Si decreases with increasing U/(U + Si) ratio.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Light Water Reactors (LWR) commonly rely on uranium dioxide
(UO,) as the nuclear fuel choice. However, in recent years, moti-
vated by mitigation of Fukushima-like nuclear reactor disasters,
potential accident-tolerant nuclear fuels such as uranium silicides
(U-Si) have garnered a great deal of interest due to their higher
thermal conductivities at operating temperatures [1—7]. The U-Si
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binary system consists of several well-defined, line compounds
including U3Si, U3Si2, U3Si§, usi, USiz, USi3 and USing [8,9].
Although UsSis has a lower uranium density than some of the other
U—Si phases, several advantages have been identified such as the
neutronic similarity between a UN-UsSis composite and UO»,
which would minimize LWR operational differences and improve
oxidation resistance compared to Us3Sip, another U-Si fuel candi-
date [10]. Additionally, U3Sis exhibits higher thermal conductivities
than UO, above 600 K [2] and has the highest melting point (2043
K) among U—Si phases [8], which are favorable for nuclear fuel
performance [11]. Despite the lower uranium density of this ma-
terial compared to some other U—Si phases as well as UO,, the
other advantages of UsSis warrant detailed studies of its physical
and chemical properties at relevant conditions (e.g., pressure,


mailto:jlbaker@lanl.gov
mailto:gaoxuew@lanl.gov
mailto:hxu@lanl.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152373&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2020.152373
https://doi.org/10.1016/j.jnucmat.2020.152373

2 J.L. Baker et al. / Journal of Nuclear Materials 540 (2020) 152373

temperature) to further assess its applicability. Moreover, pressure
is a powerful means to tune physical properties of materials, as
structural transformations may occur at elevated pressures, which
can lead to modified electronic structures in addition to the new
crystalline structures produced [12,13]. Due to the importance of
understanding the structural and mechanical stability of nuclear
fuel materials at high-pressure conditions, it is necessary to
perform measurements and simulations at these conditions on
UsSis.

UsSis crystallizes in a hexagonal structure with the space group
P6/mmm (No. 191) at ambient conditions, and a model of this
structure is shown in Fig. 1 [14,15]. This structure can be described
as a defective AIB; type, which has a 5/6 Si occupancy [15]. As of this
publication, no experimental high-pressure studies of structural
behavior of UsSi5s have been performed. Some other U—Si phases
such as USi and USi; have been examined at high-pressure condi-
tions [16]. The structural behaviors of these two phases were
explored up to 52 and 26 GPa, respectively, by Yagoubi et al., and
they observed no pressure-induced phase transitions [16]. They
also characterized the evolution of unit-cell parameters, and ob-
tained high-pressure compressibility information through deter-
mination of the bulk moduli [16]. Additionally, U3Si, was observed
to remain in its ambient crystal structure at high-pressure condi-
tions by Guo et al. [17] up to 37.6 GPa by synchrotron XRD mea-
surements enabling the determination of bulk modulus and other
elastic parameters. UsSi; has an anisotropy in compressibility
where its c-axis contracts more readily than its a-axis [17]. For
UsSis, although no experimental high-pressure studies have been
conducted, Zhang et al. and Baskes et al. performed DFT calcula-
tions to determine its mechanical properties (e.g., bulk modulus,
shear modulus) [18,19].

As mechanical properties of nuclear fuel materials are important
to assess their safe and effective use at reactor conditions, it is
imperative to conduct such measurements on UsSis to provide a
more complete understanding of the high-pressure elastic prop-
erties of these accident-tolerant nuclear fuels. Thus, in this study,
we performed high-pressure powder XRD measurements on UsSis
up to 16.7 GPa, yielding its unit-cell parameters at high pressures
and its bulk and axial moduli. To complement these measurements,
DFT calculations were also performed to derive the elastic proper-
ties of UsSis, and the calculated results are in general agreement
with those obtained experimentally.

}m> b

2. Methods
2.1. Sample synthesis

The starting materials used in preparation of the Us3Sis sample
were a high purity feedstock of depleted uranium plate and
99.999% purity silicon purchased from Alfa Aesar. UsSis buttons
were prepared by arc-melting the uranium and silicon feedstock in
a tri-arc furnace (5 TA Reed Tri-Arc, Centorr Vacuum Industries,
USA) using synthesis procedures described previously [2]. The
dominant phase was determined to be Us3Sis by use of ambient XRD
with identification of minor UO; phase and a few peaks due to an
unknown phase [2]. Other characterization techniques such as
scanning electron microscopy were used to investigate the micro-
structure of the synthesized material, and the thermodynamic
properties of this sample were also measured [2,20].

The buttons were crushed and ground in an inert atmosphere
glove-box, and the particulates were put through a 325 mesh sieve
in order to isolate smaller grains for use in our high-pressure XRD
experiments. The grain sizes of the particulates were on the order
of 20—40 um.

2.2. High-pressure X-ray diffraction experiments and data analysis

High-pressure XRD experiments were performed at the
Advanced Photon Source (APS), Argonne National Laboratory. Data
were collected at the 16-BM-D beamline of the High-Pressure
Collaborative Access Team (HPCAT) using a Princeton-type sym-
metric diamond anvil-cell (DAC). The sample was loaded into the
DAC under an Ar-gas atmosphere (with a constant flow of 5 psi) and
the O, level was monitored (kept below 0.5% as determined by an
0O, meter) throughout the loading process to minimize possible
oxidation of the sample. More specifically, a small amount
(approximately 10 pg) of the powder sample was loaded into a
150 um hole of a 45 pm-thick pre-indented stainless steel gasket in
the DAC with 300 pm diameter diamond-culets. The gasket hole
was drilled using the laser-drilling system at HPCAT [21]. In addi-
tion, several ruby pieces were loaded along with the sample
powders to serve as a pressure marker. Pressure was applied by a
He gas membrane system at the beamline, and pressure was
determined by measuring the spectral shift of the R1 fluorescence
line of ruby excited by a 542 nm laser and using the standard ruby
pressure scale [22]. A solution of 4:1 methanol: ethanol was used as

Fig. 1. Representative crystal structure (space group P6/mmm) of UsSis. The white colored portion of the Si atom represents the inherent Si deficiency of 1/6 (i.e. Si occupancy of 5/

6).
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liquid pressure-transmitting media (PTM). This solution was cho-
sen as the ideal liquid PTM for this experiment, since gas-loading
options were not available due to the restrictions placed on
handling radioactive materials at APS. 4:1 methanol: ethanol so-
lution has been widely used in the high-pressure community and is
generally considered quasi-hydrostatic in the pressure range of
interest [23]. After loading of the sample and sealing the DAC,
Kapton tapes were wrapped around the outside of the cell to pro-
vide two layers of containment of the sample (the first layer of
containment is the diamond-gasket enclosure) to meet safety re-
quirements for measuring radioactive samples at APS. Additionally,
Kapton tapes were placed on the top and bottom of the DAC to
enclose the area underneath each diamond, and on the top an
optically clear Mylar window was included to allow for the mea-
surements of ruby spectra for pressure determination.

An incident monochromatic X-ray beam was focused to a 5 pm
spot-size onto the sample using Kickpatrick-Baez mirrors with a
wavelength of 0.30966 A. A MAR-345 imaging plate allowed
collection of high-quality powder XRD patterns, and the detector
distance was calibrated using a CeO, standard. After recording the
Debye-Scherrer rings, the images collected were integrated and
corrected for distortions using Dioptas software, which produced
integrated intensity versus 26 XRD plots [24]. To determine the
unit-cell parameters of UsSis as a function of pressure, Le Bail
analysis was performed on the integrated XRD patterns with the
Rietica (LHPM) software package [25—27]. Fittings of the equations
of state (EOS) based on the obtained unit-cell parameters to derive
the bulk and axial moduli of UsSis were performed with the EOS-
Fit7 program [28,29].

2.3. Density functional theory (DFT) calculations

All calculations were performed using DFT + U and projector
augmented-wave (PAW) method as implemented in the Vienna Ab-
initio Simulation Package (VASP) [30,31]. The generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional
with a Hubbard U term for uranium 5f electrons was used to correct
the self-interaction errors in standard GGA exchange-correlation
functional [32,33]. We used DFT + U with an effective U value of
1.5 eV [20], which has been demonstrated to yield reasonable
structure and formation enthalpy for U—Si system [34]. Plane wave
basis sets with a cutoff energy of 520 eV were employed [29]. The
energy convergence was set to 108 eV. The Brillouin zone (BZ) was
sampled with Monkhorst-Pack (MP) meshes with a density around
40 k-points per A. For high-pressure calculations, hydrostatic
pressure was applied to the structure and the force on each atom
was converged to 0.01 eV/A. No symmetry constraints were
imposed during structural optimization. We have used the ferro-
magnetic (FM) ordering for all the considered structures, although
UsSis5 exhibits paramagnetic behavior down to 4.2 K [35]. We have
also performed one antiferromagnetic (AFM) calculation for one of
the structures. It is found that the magnetic order has small influ-
ence on the relative lattice constants of UsSis at high pressures and
thus also on its elastic properties.

3. Results and discussion
3.1. High-pressure XRD

The collected XRD patterns as a function of pressure are shown
in Fig. 2. With increasing pressure, continuous shifts in the XRD
peaks to higher 26 are observed, which is indicative of continually
decreasing unit-cell parameters, i.e., unit-cell contraction. Addi-
tionally, the absence of any major changes in the XRD patterns (i.e.,
no emergence, disappearance, or splitting of XRD peaks) suggests
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Fig. 2. Integrated X-ray diffraction patterns of UsSis collected on compression to
16.7 GPa.

that UsSis5 does not undergo any pressure-induced structural phase
transition up to the maximum pressure (16.7 GPa) reached in this
study. Decrease in intensity and broadening of peaks become more
distinct above ~11 GPa, as the sample chamber becomes less hy-
drostatic with increasing pressure in the 4:1 methanol: ethanol
PTM [23].

In Fig. 3, the XRD pattern collected at the lowest pressure
(2.59 GPa) is shown, along with indexing of the peaks to the
dominant UsSi5 phase (model depicted in Fig. 1) and a minor im-
purity phase, UO; (space group Fm3m (No. 225)) [36]. All peaks
except the four peaks marked with an * are accounted for with
these two phases. The marked peaks are from an unknown phase,
which was previously observed in synthesis of U3Sis [2]. However,
as these peaks do not overlap with any reflections of UsSis, they are
not included in the analysis performed. Additionally, except for
shifts to higher 20 due to unit-cell contraction at 2.59 GPa, all peaks
agree well with the ambient pressure XRD pattern collected

P6/mmm U,Sij

(101) 1)

Intensity (arb. units)

20 (deg.)

Fig. 3. Le Bail analysis of the XRD pattern collected at 2.59 GPa. The indicated hkl
indices are for the major UsSis phase (blue) and a minor UO; phase (olive). The peaks
labelled with an (*) are from a minor unknown phase. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)
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previously [2]. Furthermore, Le Bail analysis was performed on this
pattern and all other high-pressure XRD patterns in order to
determine unit-cell parameters, a and c, which are listed in Table 1
[25,26]. The c/a ratio can be used as a parameter to describe the
difference between the structures of UsSis and USi, where a c/a
ratio greater than one indicates Us3Sis [37]. From the values in
Table 1, it is evident that the c/a ratio remains larger than one at all
pressures, indicating the Us;Sis structure [37]. It should also be
noted that since data analysis was restricted to Le Bail analysis, the
model occupancy of the Si site was unaccounted for in our analysis.
However, as Le Bail analysis is a whole-pattern fitting approach, the
unit-cell parameters can be derived accurately for each XRD
pattern. Rietveld refinement, while ideal, was not possible due to
the large grain sizes of the loaded sample leading to spotty 2D XRD
images. The grain sizes were approximately 20—40 um as a 325
mesh was used to separate ground material. The Le Bail analysis
plot (Fig. 3) shows a good agreement between the observed and
fitted XRD patterns, as indicated by the small residuals. The fitting
agreement indices R, and Ry, are 1.37% and 2.20%, respectively
(Table 1).

3.2. Axial linear moduli

In order to characterize the evolution of the unit-cell parameters
and cell volume of Us3Sis with pressure, Le Bail analysis was per-
formed for each pressure on the corresponding XRD pattern. From
these analyses, the unit-cell parameters at each pressure were
determined and are presented in Table 1 along with the calculated
unit-cell volume for the hexagonal structure using these lattice
parameters. The estimated standard deviation (ESD) for the cell
parameters determined from analysis of each XRD pattern is also
given in Table 1 and this ESD is propagated using error analysis to
determine the corresponding ESD for the unit-cell volume. The
agreement indices R, and Ry, are included for each fit to indicate
the “goodness of fit” for each pattern.

Fig. 4 presents the variation of unit-cell parameters of UsSis
(normalized to the fitted ambient pressure cell parameters ag and
cp) as a function of pressure. Upon initial inspection, it is clear that
the c-axis contracts more readily than the a-axis. Quantification of
this difference in compressibility can be achieved by fitting the data
to the following equations [38]:

@ @ @] o

where P is pressure, M, g and M are the axial linear moduli for the
a- and c-axis, respectively, a and c are the unit-cell parameters
measured at a given pressure (Table 1), and ag and cg are the unit-
cell parameters at ambient pressure. By fitting the values in Table 1
to Equation (1), values of 173 (8) GPa and 79.7 (4.3) GPa are

Table 1

Unit-cell parameters and unit-cell volumes of UsSis at high pressures.
Pressure (GPa) a(A) c(A) V (A3) Ry (%) Rup (%)
259 +£0.13 3.845 (1) 4.023 (2) 51.50 (4) 1.37 2.20
337 £0.17 3.836 (1) 4,018 (2) 51.19 (4) 1.39 227
4.67 +0.23 3.834 (1) 4.005 (2) 50.72 (4) 143 2.26
6.08 + 0.30 3.812 (1) 3.994 (2) 50.27 (4) 1.50 220
7.51 £0.38 3.807 (1) 3.976 (2) 49.91 (4) 1.61 227
8.80 + 0.44 3.801 (1) 3.960 (2) 49.54 (4) 1.64 224
103 £ 05 3.795 (1) 3.936 (2) 49.08 (4) 1.70 222
11.7 £ 0.6 3.786 (1) 3.923 (2) 48.70 (4) 1.84 242
129 £ 0.7 3.780 (1) 3.910 (2) 48.37 (4) 1.94 2.61
149 £ 0.7 3.765 (1) 3.884 (2) 47.68 (4) 1.67 2.55
16.7 + 0.8 3.748 (2) 3.867 (2) 47.05 (6) 1.75 2.78
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Fig. 4. Relative lattice parameters as a function of pressure. Fitted lines indicate
equations of state for the a-axis (circle) and c-axis (triangle) using a linear 2nd order
Birch-Murnaghan equation of state. The obtained parameters of the fits are given in
the bottom inset.

determined for M, and M., respectively (Table 2). As the axial
compressibility is inversely proportional to the axial moduli, the c-
axis of UsSi5 is 2.2 times more compressible than the a-axis.
Additionally, it should be noted that the c/a ratio decreases from
1.046 at 2.59 GPa to 1.032 at 16.7 GPa, indicating a significant
anisotropy, though reduced at high pressures.

DFT calculations were performed to provide insight into this
compressibility anisotropy. Because the Si sites are partially occu-
pied in UsSis, various structures have been proposed for UsSis in the
literature [15,18,39]. To capture its mechanical behavior, three or-
dered structures and two SQS (Special Quasirandom Structure)
structures were used in our calculations. The first ordered structure
is AlB,-type USiy [P6/mmm, Fig. 5(a)]. This structure represents USi,
without Si vacancy. The second and third structures are derived
from the AlB,-type USi; structure with different distributions of Si
vacancies (Fig. 5(b and c)). The calculated relative lattice constants
at high pressures are shown in Fig. 5(d, e, f), and the derived elastic
properties of the ordered structures are summarized in Table 3. The
SQS structures were produced with the ICET package [40]. The
atomic coordinates and calculated energies of these structures, in
the form of VASP POSCAR files, can be found in Table S1 in the
supporting materials. It is found that the two SQS structures cannot
correctly reproduce the mechanical properties of Ussis since the
calculated c-axis is stiffer than the a-axis (contrary to our experi-
mental result described above). A SQS structure with a much larger
supercell is possibly required to reproduce the mechanical prop-
erties of Us3Sis, which is computationally more demanding. The
ordered structure shown in Fig. 5(b) has been widely used in the
literature to model UsSis [18]. However, we found that the c-axis of
this structure is stiffer than the a- and b-axis (crystallographically
equivalent) as indicated by a larger C33 than Cy; in Table 3. Similar
results were obtained in a previous theoretical study which also
used the model depicted in Fig. 5(b) [18]. The calculated a- and c-
axial moduli (M, and Mg in Table 3) for this structure are very
different from our experimental results (comparing values between
Tables 2 and 3), indicating that this structure is not suitable for
modeling the observed elastic behavior of UsSis. In contrast, the
structures shown in Fig. 5(a) and (c) both correctly describe the
anisotropic nature of the mechanical properties observed in the
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Table 2

2nd order Birch-Murnaghan EOS parameters (bulk modulus, axial linear moduli, ambient unit-cell parameters) for UsSis.

2nd-order Volume BM-EOS

2nd-order Linear BM-EOS a-axis

2nd-order Linear BM-EOS c-axis

Vo (A%) 52.60 (11) a0 (A) 3.860 (3) co (A) 4,076 (6)
Ko (GPa) 126 (4) M, (GPa) 173 (8) Mo (GPa) 79.7 (4.3)
Ko 4.0 (fixed)
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Fig. 5. (a, b, c). Crystal structures used for modeling the mechanical properties of UsSis. (d, e, f) DFT calculated relative lattice constants under pressure for structures in (a, b, c),
respectively. Fitted lines indicate equations of state for the a-axis (circle) and c-axis (triangle) using a linear 2nd order Birch-Murnaghan equation.

Table 3

Calculated mechanical properties of the structures in Fig. 5(a, b, ¢). M, 0 and (M) were obtained by fitting the relative lattice constants at high pressures shown in Fig. 5(d, e, f).
In units of GPa B Ci1 Ca Cs3 Caa Css Ces Ci2 Ci3 Ca3 M.o Mo
Structure 1 108.5 180.0 180.0 149.1 90.8 90.8 349 110.2 65.9 65.9 157.2 63.5
Structure 2 123.6 196.8 195.8 254.5 154.5 154.5 71.2 51.0 99.3 98.0 98.7 238.6
Structure 3 114.8 183.2 183.2 1346 833 833 333 116.7 81.9 81.9 1113 64.1

experiment. However, since the model shown in Fig. 5(a) does not
contain Si vacancies and possesses a USi; stoichiometry, it does not
represent the true structure of UsSis. Therefore, with regard to the
mechanical behavior along individual structural directions, the
model represented by Fig. 5(c) is the most accurate among the
considered structures for UsSis,

This anisotropic behavior may be explained by a closer inspec-
tion of the structure of UsSis, shown in Fig. 1. In the a direction,
there are U—U bonds directly along the a-axis, a component of the
Si—Si bond (which is parallel to the (001) plane), and a component
of the U—Si bond (which is oblique to the a- and c-axis), all of which
contribute to the linear modulus in this direction. In the c direction,
there are U—U bonds directly along the c-axis, yet in contrast to the
a direction, the only additional contribution in this direction would
result from a component of the U-Si bond with no contribution
from Si—Si bond. Thus, the contributions to the linear modulus
along the c-axis would likely be different from those along the a-

axis. More importantly, if the relative strengths of these bonds are
also taken into account, where U—U would be the weakest and
Si—Si bonds the strongest, since U—U bonds are metallic and Si—Si
bonds are covalent, then the lack of Si—Si bond component in the c-
axis direction is further consistent with the observed anisotropy,
i.e., smaller compressibility along the a-axis than along the c-axis.
Although the details of evolution of the atomic positions with
pressure have not been determined, it is qualitatively indicative
that the lack of the stronger Si—Si bonds in the ¢ direction is
responsible for its greater compressibility.

3.3. Bulk modulus

Fig. 6 shows the unit cell volumes of Us3Sis as a function of
pressure, which are fitted using the Birch-Murnaghan equation of
state (BM-EOS) [41]:
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Fig. 6. Relative pressure-volume relation for UsSis using the unit cell parameters
determined by high-pressure XRD. The lines indicate a 2nd-order Birch-Murnaghan
equation of state as fitted to the experimental data (solid black line) and those for
the three structure models used in DFT calculations. Parameters of the BM-EOS fit to
experimental data are given in the bottom inset. The error bars for unit-cell volume
values are approximately the size of the data points.

RO
(2)

where V) is the zero-pressure cell volume, V is the unit cell volume
at high pressure, Ky is the bulk modulus, and K’ is the pressure
derivative of the bulk modulus. K’y was fixed at a value of 4.0, which
simplifies Equation (2) to a 2nd-order BM-EOS. Although a Ky value
other than 4.0 would be expected for the strong anisotropy
observed from the c/a ratio variation, this assumption is made due
to the limited pressure range restricting the accuracy of Ky deter-
mination and has been employed for various materials successfully
[42—46]. It is also important to note the effect of the PTM solidifi-
cation above 11 GPa causing the last two data points to be shifted
out of the trend. The optimal values obtained from this fitting are
presented in Table 2. Comparing V (52.60 + 0.11 A?) to the litera-
ture value for UsSis (52.17 A3) shows a very good agreement,
though the fitted value from our experiments are slightly (0.8%)
larger [14,15].

Our determined bulk modulus of U3Sis is 126 + 4 GPa, which is
in general agreement with those obtained from DFT calculations by
Baskes et al. (102 GPa) and Zhang et al. (111 GPa) [18,19]. Using the
same model employed in these previous studies, which is depicted
in Fig. 5(b), we obtained a bulk modulus of 123.6 GPa from DFT + U
calculations, which is in excellent agreement with our experi-
mentally determined value. However, this structural model does
not reproduce the anisotropic behavior that we observed experi-
mentally. In contrast, our DFT + U calculations using the structural
models shown in Fig. 5(a) and (c) reproduced the anisotropic
behavior and yielded bulk modulus values of 108.5 GPa and
114.5 GPa, respectively, which are both in good agreement with the
experimental value. Fig. 6 shows the DFT + U calculated BM-EOS for
each structure in addition to the optimal BM-EOS determined from
our experimental data. Excellent agreement is noticed between the
experimental data and the calculated curve using the structural
model in Fig. 5(b), and reasonably good agreement exists between
the experimental data and calculated curves using the structural

models in Fig. 5(a) and (c). The model in Fig. 5(a) does not properly
represent UsSis, resulting in the larger deviations of the calculated
curve based on this model from the experimental data compared to
the curves obtained based on other structure models (Fig. 6).
Comparing the calculated curves based on the other two structure
models in Fig. 6, it is clear that the model in Fig. 5(b) provides a
better agreement, but due to its inability to reproduce the elastic
anisotropy, it is unlikely to be a proper model for UsSis. On the other
hand, the model in Fig. 5(c) can reproduce the elastic anisotropy,
though it yields a BM-EOS curve that deviates somewhat from the
fitted curve to experimental data. A major difference between these
two structures lies in the distribution of Si vacancies as depicted in
Fig. 5(b) and (c), and thus it is possible that an intermediate
structure would be more appropriate to explain the observed me-
chanical properties of UsSis. Evidence of such an intermediate
structure in terms of Si vacancy distribution may be found from
high-resolution X-ray/neutron diffraction and various spectro-
scopic analyses.

It can also be useful to compare the derived bulk modulus with
that obtained from the axial linear moduli through the relationship
[28]:

K, —3(L+ 1 + 1)_] (3)
0.m Ma,O Mgo MC,O

where My and M, are the linear moduli as described in Equation
(1). Using the values from Table 2, Kojm can be calculated using
Equation (3), yielding a value of 124.4 + 13 GPa. This value is in
excellent agreement with Ko determined from the pressure-volume
data fitted to the BM-EOS (Table 2).

Although there was no experimental determination in the
literature of the bulk modulus of Us3Sis, a few studies have
measured the elastic properties of other U—-Si compounds. More
specifically, the bulk moduli of USi5, USi and UsSi; were determined
by high-pressure synchrotron XRD using DAC [16,17]. All the
experimentally determined Ky values of U—Si compounds are
presented in Table 4. An inspection of these values reveals that
UsSis is the second least compressible of the U—Si compounds
studied so far [16,17], and USi; is the least compressible with the
largest bulk modulus of 140 GPa [16]. Fig. 7 plots the bulk moduli of
U—Si compounds (Table 4) as a function of U/(U + Si) ratio. As is
shown, with increasing the U/(U + Si) ratio, the bulk modulus of
U—Si decreases and thus its compressibility increases. This general
trend is consistent with the increased contribution of the weaker
U—-U metallic bond and decreased contribution of the stronger
Si—Si covalent bond, as U/(U + Si) increases.

4. Conclusions

In this study, the high-pressure structural behavior of U3Sis was
explored for the first time up to 16.7 GPa using high-energy angle-
dispersive synchrotron XRD coupled with diamond anvil cell
technique. The unit-cell parameters and cell volume of UsSi5 were
obtained as a function of pressure. From the pressure dependences
of the unit-cell volume and unit-cell parameters a and c, the bulk

Table 4
Comparison of experimentally determined bulk moduli
of U—Si compounds.

Compound Ko (GPa)
USi, 140.0 [16]
UsSis 126 (4)*
USi 111.0 [16]
UsSi; 107 (6) [17]
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Fig. 7. Comparison of the bulk moduli of various U-Si phases as a function of U/
(U + Si). References are given for previously reported data; * indicates this study.

moduli and the axial linear moduli along the a- and c-axis were
derived to be: Ko = 126 + 4 GPa, Mg = 173 + 8 GPa and
Mo = 79.7 + 4.3 GPa, respectively. Comparison of Mg with M¢o
reveals an anisotropy in compressibility with the a-axis being
approximately 2.2 times less compressible than the c-axis. More-
over, our DFT + U calculations yielded bulk and linear moduli that
are comparable to the above experimentally determined values
using the hexagonal structure (space group P6/mmm). Although
previous DFT calculations also gave similar bulk moduli, the
structural models used were inappropriate, as they do not repro-
duce the compressibility anisotropy between the a- and c-axis.
Finally, compilation of all the measured bulk moduli of U-Si pha-
ses, including the value of UsSis determined in this study, reveals
that the bulk modulus of U—Si decreases with increasing U/(U + Si)
ratio. These obtained elastic parameters and relations provide an
important basis for assessing U—Si compounds as accident-tolerant
fuels in nuclear reactor applications.
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