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Consideration of uranium silicide compounds as candidate nuclear reactor fuels requires the accurate
knowledge of their thermophysical properties as a function of temperature. Stoichiometric USi has
received little attention in the literature with regard to property characterization. This absence of data
prevents modeling and simulation communities from predicting performance of uranium silicide fuels
that are either nominally USi itself, or are designed with other uranium silicide phases but may include
appreciable fractions of USi introduced as a result of the fuel synthesis or fabrication process. This study
was undertaken to quantify the thermal expansion coefficient, specific heat capacity, thermal diffusivity,
and thermal conductivity of USi from ambient conditions to just below the peritectic decomposition of
the compound. Stoichiometric samples that were prepared by arc melting and powder metallurgical
routes for thermophysical property measurements exhibited 94% USi phase, with the balance being UsSis
phase that likely formed during the solidification process. An energetic phase transformation was
observed at 723 K, which is attributed to the inclusion of the secondary UsSis phase.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Historic interest in the use of uranium silicides as nuclear fuels
has been limited to uranium-rich compounds, such as UsSi and
U3Siy, primarily to support the Reduced Enrichment for Research
and Test Reactors campaign where heavy metal density is a primary
criterion. In recent years, research on uranium-silicon binary
compounds has expanded due to their perceived use as an accident
tolerant fuel form. Two candidates were initially identified within
the uranium-silicon binary system: UsSi; is proposed due to its the
higher uranium-content and superior thermal conductivity, while
UsSis is considered an alternative due to its superior melt point
among U—Si compounds and improved high temperature oxidation
resistance compared to UsSi and UsSiy [1].

Both UsSi; and UsSis exist as line compounds. Synthesis of either
will therefore likely result in USi inclusions within the micro-
structure. Recent experimental works focused on characterization
of UsSi, synthesized via arc melting and powder metallurgy have
produced material containing USi ranging from two percent [2] to
over ten volume percent [3]. The latter study's levels of USi would
be expected to affect both fresh fuel properties as well as in-pile
performance. USi has very limited irradiation experience. The
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available data obtained for relatively low fuel temperatures and
very high burnup does not reveal any gross differences in behavior
for USi compared to more familiar U—Si compounds such as UsSi,
[4]. More extenuative irradiation testing under representative
temperatures and burnup conditions is necessary to evaluate the
extent that USi inclusions may affect the behavior of nominally
UsSi; fuel, but at present it is not possible to evaluate the impact of
USi on unirradiated properties of UsSiy or UsSis given the absence
of thermophysical property data for USi.

According to the most recently published phase diagram shown
in Fig. 1 [5], a stoichiometric melt of USi initially forms ~6% UsSis
through a peritectic reaction. The solidified USi crystal structure has
had some debate in the literature as to whether it is orthorhombic
|6] or a complex tetragonal crystal structure with a stoichiometry of
U34Siaas’ [7]. It has been suggested that the orthorhombic phase is
an O-stabilized phase with a stoichiometry of Ug Sig O [8]. Physical
measurements of USi have largely been overlooked in the litera-
ture, the majority being limited to low temperature magnetic and
electrical resistivity measurements [9]. Snyder et al. reported the
coefficient of thermal expansion on sintered compacts of USi [10],
which is one of the only high temperature property measurements
found during the literature review.

1 For the purposes of this paper, Us4Siz4 5 will be represented as USi throughout
this manuscript.
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Fig. 1. Truncated uranium-silicon phase diagram adapted from Okamoto [5].

This study was initiated to elucidate the thermophysical prop-
erties of USi as a function of temperature to the peritectic decom-
position of the material. These experiments will provide properties
of USi to enable modeling and simulation communities in vali-
dating the use of possible future fuel concepts that intentionally
incorporate USi, as well as facilitate assessment of U3Si or UsSis
processing routes to determine thresholds for permissible USi im-
purity phase content.

2. Experimental

Specimens for thermophysical measurements of uranium sili-
cide compounds require chemically pure material with minimal
oxygen contamination and a methodology to prepare monolithic
geometries suitable for the given technique. This study opted to use
arc-melting as high purity, homogenous melted material could be
synthesized with minimal oxygen contamination. However,
excessive cooling rates from the melt induced cracking. As such, a
powder metallurgical route was used to fabricate the proper pellet
sizes for differential scanning calorimetric (DSC), dilatometry, and
laser flash analysis (LFA) measurements. The details regarding
sample fabrication and measurement procedures are described in
the following sections.

2.1. Sample preparation
Details regarding U—Si sample preparation have been outlined

in previous publications [2,11,12]. Minor differences are highlighted
between fabrication routes below.

2.2. Sintering USi powder

Chemical purity was determined via inductively coupled plasma
optical emission spectroscopy (ICP-OES) on three separate speci-
mens that were prepared from a comminuted button to determine
the weight percentage (w/o) of impurity atoms. Approximately
50 mg of the powder was digested in a solution of nitric, hydro-
fluoric, and hydrochloric acid to perform the ICP-OES analysis, the
results of which are shown in Table 1. The majority of the observed
impurity elements were consistent with the source material with
the exception of Al, which was not included in the certificate of
analysis for Si. An Al, O3 mortar and pestle was also used to
comminute the button specimens prior to analysis. Oxygen and
nitrogen concentrations were determined using the inert gas fusion
technique (EMGA-920, Horiba, Ltd., Japan). Three samples weigh-
ing approximately 100 mg each sampled from an as fabricated
button were encapsulated inside tin capsules within an argon glove
box prior to measurement. High purity nickel was added as a flux to
aid in melting the material.

Specimens for thermophysical property measurements were
prepared by a powder metallurgy route. Arc-melted USi buttons
were comminuted in a high energy SPEX mill (8000M, SPEX
Sample Prep, USA) using a stainless steel jar and milling media and
sieved to —200 mesh. All processing was conducted in a Ny(g) glove
box, which was maintained below 30 parts per million (ppm) O2
concentration to minimize oxidation of the powder. Sieved pow-
ders were then pressed at 300 MPa in a steel die set utilizing zinc
stearate as a die lubricant. Typical green densities ranged from 55%
to 65% of the theoretical density. Binders were not used during
fabrication of the pellets in order to minimize potential oxygen or
carbon contamination. Pellets were sintered using a W metal
furnace on W foil under flowing Ar gas using constant heating and
cooling rates of 5 K min~! to a maximum temperature of 1773 K for
48 h. Densities were determined using a geometric method. The
balance used to determine masses in this study was calibrated to
0.01 mg. Thickness of the pellets were recorded with a digital
micrometer to 0.001 mm and the diameter with a digital caliper to
0.01 mm. Resulting pellets were between 96 and 98% of the theo-
retical density of USi taken as 11.05 g cm ™ [13].

2.3. Phase quantification

Specimens for optical microscopy (Axio Imager.M2m, Carl Zeiss
AB, Sweden) and scanning electron microscopy (SEM, Inspect, FEI,
Hillsboro, Oregon) analyses were conducted on a polished USi
sintered pellet that was mounted in epoxy. The sample was initially
ground with SiC grinding paper to remove the outer surface, before
grinding through 1200 grit SiC. Diamond slurries were applied on
decreasing size until a final polish with 0.04 um colloidal SiO, was
achieved. It is noted that some degree of pullout was observed
following the employed polishing route. A polarized lens was used
to distinguish grain size distribution in the material. In order to
quantify grain sizes, approximately 500 grains were measured us-
ing images similar to the one represented in Fig. 2 (a). The polarized

Table 1

Chemical analysis conducted on as—sintered USi pellets where ¢ is the standard
deviation of the measurement. Elements included in the analysis, but below the
detection limit are included as follows: B, Ba, Be, Ca, Cd, Cr, Cu, Fe, Gd, K, Li, Mg, Mo,
Mn, Na, Nb, P, Pb, Sb, Se, Sn, Sr, Ta, V, W, Zn, and Zr.

Elements C (o} N Al As Ni Co Ti Hf

Contents (w/o) 0.08 0.05 0.06 054 003 0.014 0.009 0.03 0.03
g (w/o) 0.005 0.03 0.01 0.03 0.005 0.005 0.005 0.005 0.02
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Fig. 2. Microstructure of sintered USi specimen captured in the light microscope using a polarizing light filter (a) to emphasize the grain size of the USi phase, while an oxide

precipitate phase is highlighted in (b) after changing the polarization angle.

lens was also utilized to distinguish and quantify the amount of
dispersed oxide phase in the matrix, as the oxide did not change
with the angle of the polarizing lens, an example of which is shown
in Fig. 2 (b). Digital image analysis [14] of the polarized image
allowed quantification of the secondary oxide area phase fraction
using ~400 particles.

Phase analysis of the fabricated buttons was achieved using a X-
ray diffractometer (XRD, D2 Phaser, Bruker Corp., USA). XRD pow-
der specimens were prepared by comminuting an as fabricated
button in a mortar and pestle within the glove box. The powder was
mounted to a low background Si crystal using a thin layer of vac-
uum grease before sealing in a polymer dome within the glove box
to minimize contact with Ox(g) when the sample was removed
from the glove box for analysis. An air scatter lead shield was
installed in the polymer dome to minimize the low angle back-
ground noise. The XRD used a Bragg-Brentano geometry where the
20 angle was varied from 10°-60" using a step size of 0.01".

2.4. Differential scanning calorimetry

Specimens for heat capacity measurements were prepared ac-
cording to § 2.2 using a 5.2 mm punch and die set. Resulting cy-
lindrical pellets weighed approximately 0.2 g and had diameters of
4.56 mm + 0.01 mm and had thickness between 1.10 mm and
1.21 mm + 0.01 mm. Measurements in the DSC used Pt pans with
Al; O3 liners, which prevented reaction of the USi sample with the
pans. Specimen mass varied by Ref. < 0.01 mg between
measurements.

The ratio method was utilized to determine the specific heat
capacity, cp, of the specimens in a differential scanning calorimeter
(DSC, Pegasus 404C, Netzsch Instruments, Germany). Measure-
ments were conducted at a heating rate of 20 K min~"! to a final
temperature of 1243 K. Three separate measurements were con-
ducted to indicate the error of the heat capacity measurement,
which was determined to be 3% in this study. The atmosphere in the
DSC was comprised of ultrahigh purity Ar(g) with 1-10 ppm Oy(g)
contamination. Oxygen content on the gas stream was monitored
on the exhaust by an in-stream partial pressure of Ox(g), po,, sensor
(Rapidox 3100 OEM, Cambridge Sensotec, UK), which verified that
the atmosphere held during the measurement. Thermocouple
calibrations were conducted using melt point standards over the
entire range of temperatures investigated. Based on the tempera-
ture calibrations, the instrument had an error of +1 K.

2.5. Dilatometry

The thermal expansion specimen was prepared according to §
2.2 using a 5.2 mm punch and die set. Mass of the thermal
expansion specimen was 0.872 g and had diameters of

4,55 mm + 0.01 mm and thicknesses of 5.09 mm + 0.02 mm.

Measurement of the linear specimen length change as a func-
tion of temperature, dL/Ly, was determined using a dilatometer (DIL
402CD, Netzsch Instruments, Germany). A heating rate of
2.5 K min~! was used to a maximum temperature of 1732 K under
an Ar atmosphere. An oxygen sensor was placed on the down-
stream side of the instrument to monitor oxygen content within
the system. Initial pg, values at the outlet were 1-5 ppm, which
dropped to 102 ppm during the measurement and returned to the
initial value on cooling. Specimen mass increased by Ref. <0.5 mg
between measurements, which can likely be attributed to surface
oxidation of the specimen. A baseline correction was applied to the
data to correct for the thermal expansion of the Al, O3 fixturing.
Using the corrected data, the derivative of the instantaneous length
change with respect to temperature was calculated using Proteus
5.2 [15] to provide the physical coefficient of thermal expansion, aj.
Three separate o, measurements using identical temperature pro-
files and baseline corrections were used to determine a standard
error of 7%.

2.6. Thermal diffusivity measurements

A cylindrical specimen was fabricated according to § 2.2 using a
13 mm punch and die set for LFA measurements with a specimen
weight of 2.66 g and a thickness of 2.52 mm + 0.02 mm. The pellet
diameter was typically 11.47 mm + 0.01 mm in size. Diffusivity
values were determined by fitting the temperature rise signal with
a modified Cape-Lehman model [16,15]. The error in the recorded
sample temperature was determined by measuring the Curie
magnetic transition of Fe; the minimum in the diffusivity curve
produced was located at 1045.2 K, slightly above the accepted value
of 1043 K. As such, an uncertainty of +3 K is ascribed to the tem-
peratures of each measurement.

The LFA (LFA 427, Netzsch Instruments, Germany) method was
utilized to determine the thermal diffusivity, D, of the specimens. In
this technique, a laser is pulsed on one side of the specimen, while
the heat rise is determined on the opposite side by measuring the
infrared blackbody radiation. All surfaces of the sample were coated
with a graphite coating (Graphit 33, Kontakt Chemie, Germany) to
improve absorption of the laser energy on the bottom face and
enhance emissivity of the upper face. Diffusivity data was collected
from room temperature to 1673 K in 50 K increments on cooling,
collecting three data points per temperature and averaged for the
reported value. Typical error derived from the three data points at a
given temperature was <0.5%. However, repeatability between
different samples is conservatively set at 3%. Additional data were
collected on heating and were within the experimental error of the
technique. The reported data in this study is limited to values taken
on cooling. Al, Os fixturing was used throughout the sample
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chamber, and gettered argon was again flowed throughout the
measurement. Oxygen content of the outlet gas stream was
monitored with a pp, sensor during each measurement and was
<10~" ppm for all measurements.

After removal of the graphite coating via immersion in acetone,
the sample weighed approximately 1—3 mg greater than the initial
mass. This is attributed to a small layer of adsorbed graphite and
potential formation of UC at the interface between the USi and
carbon coating. Error introduced from thermal expansion of the
specimen was calculated from D = 0.1388-dz-t1*/12 [17], where d is
the thickness and ty; is the half-time. Thermal expansion error is
calculated at less than 1.5% over the entire temperature range and
was not included in this study.

3. Results and discussion

Results for the thermophysical measurements described above
are detailed in the following sections. The measured thermal
expansion as a function of temperature is used to calculate the
temperature—dependent density, p(T), relative to the room tem-
perature density value. Thermal conductivity, 4, is calculated as the
product of p(T), cy(T), and D(T). The results of all three measure-
ments, along with the calculated 2 values are discussed below. The
results for each measurement as a function of temperature are
compiled in Table A.1.

3.1. Microstructural analysis

A typical microstructure from a sintered and polished USi pellet
is shown in Fig. 2 (a), which exhibits a bimodal grain size distri-
bution. The average grain size for the large and small grains is
44 ym + 14 ym and 8 um + 2 um, respectively. Analysis of the
polished pellet with a backscatter detector in a SEM revealed a
secondary phase, shown in Fig. 3. Energy dispersive spectroscopic
analysis detected enriched Si content relative to the matrix, with no
detectable presence of oxygen. Utilization of the aforementioned
threshold technique calculated the secondary U—Si phase at 6%.
Analysis of the most recently published phase diagram [5] suggests
that on cooling, a 93.3% phase fraction of USi balanced with UsSis
should form on cooling from the molten state during the arc

Fig. 3. Representative backscatter SEM microstructure of an as sintered and polished
USi specimen. Phases are highlighted based on EDS point analysis of the given phase.

melting process. It is believed that the sintered material has
retained the phase fractions that resulted from cooling through the
liquidus/peritectic temperature. The amount of oxide impurity
phase calculated from typical pellet microstructures of Fig. 2 (b) is
0.6% + 0.4%. The amount of oxide observed from light microscopy is
roughly ten times the value measured on the button specimens
(Table 1). It is suspected that the powder oxidized while preparing
the pellets for sintering, which would present as an oxide impurity
phases in the resultant microstructure.

Results for the XRD analysis are shown in Fig. 4. Reference files
are included for USi [8] and UsSis [18]. General agreement is
observed with the USi reference pattern, although it is noted many
of the reference peaks for UsSis overlap with USi making decon-
volution difficult. The orthorhombic oxygen-stabilized phase is not
observed in the XRD analysis of this work, nor peaks representative
of UO,. It is likely that the phase detection limit of the XRD is not
sufficient to discern ~ 0.6% phase fraction of oxide material.

3.2. Density and coefficient of thermal expansion

Experimental results for dL/Ly as a function of temperature to
1673 K are shown in Fig. 5 along with the calculated «j values (O).
Specimen length change from 273 K < T < 353 K are neglected due
to the initial nonlinear heating that increases the error in the
temperature range. A mean physical coefficient of thermal expan-
sion, @p, is calculated at 19.4 x 10% K~! with a standard deviation,
0, of 1.4 x 10°6 K~ over entire temperature range. The = is rep-
resented by the (----) in Fig. 5. Experimental a, values are within the
standard deviation from 353 K < T < 1450 K. Above 1450 K,
experimental o, values decreased below one ¢ value relative to the
@ and continued to decrease to the maximum temperature
determined in this study.

Literature values for the technical coefficient of thermal
expansion, «;, relative to 273 K from sintered compacts measured
by Snyder and Duckworth exhibited a linear decrease with
increasing temperature for both heating and cooling data [10].
Relative to the @, value calculated above, Snyder's data is within 3%

I [—Uugs,

—USi

Intensity (Arb. Units)

L || ' |II ||.|I .|| ul
T 30 32 34 36 38 40 42T
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I
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Fig. 4. X-ray diffraction pattern taken from a powder after comminuting an arc-melted
button. Powder material was sealed inside of a low background static atmosphere
polymer holder. Reference files are included for USi—01-086-0854 [13] and U3Sis—04-
003-3432 [20]. An inset is included of the intermediate scan region where many of the
phases overlap.
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Fig. 5. Thermal expansion of USi as a function of temperature (—) along with «;, ((J)
measured in this study. The calculated mean physical thermal expansion value, ap, is
represented by (—) with + standard deviations, ¢ (- - - -). Snyder’s ar data is included
on heating (——) and cooling (—) [10].

of the values measured in this study at low temperature and within
10% and 18% at elevated temperatures for the cooling and heating
data, respectively. The calculated mean «, from Snyder's data is
16.6 x 10~® K1, which is within 14.5% of the reported value in this
study. It is noted that a secondary phase was observed in Snyder's
report, but the phase was not identified or quantified. Snyder's
samples were prepared by arc-melting followed by sintering of
comminuted and compacted powder, similar to the methodology
employed in this study. It is suspected that the Snyder's secondary
phase is UsSis and is present in similar quantities to the samples
produced in this study. Beyond speculation, it is unclear how the
datasets could vary between the this study and Snyder's.

The density as a function of temperature, p(T) is calculated in
this study using:

- P 1
" T M T T W

where pg is the reference density determined at room temperature,
To. The error imparted from the ¢ in Ref. o in calculating p is < 0.5%
over the entire temperature range investigated in this study.

3.3. Heat capacity of USi

Specific heat capacity of USi as calculated from the ratio method
in the DSC as a function of temperature is shown in Fig. 6. An
endothermic peak is observed in the DSC signal with an onset
temperature of 719 K (see inset of Fig. 6). No physical interpretation
of this reaction has been noted in the literature for the USi phase
based on the authors' knowledge. A reaction with similar energetics
has been observed at 723 K in the U3Si5 compound [12], suggestive
of a phase transformation in that material. It is suspected that the
endothermic peak observed in the DSC signal is a result of UsSis
present at 6% percent by volume. Reference values from the Ther-
mochemical Properties of Inorganic Substances database [19] (---)
are within 3% of the experimental dataset between 353 K and
1151 K. Above 1151 K, the literature ¢, values are within 4.7% of the
data determined in this study. A linear regression analysis of the c,
as a function of temperature is represented by (—), which
neglected the endothermic peak at 719 K. The results of this anal-
ysis are represented by:
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Fig. 6. Specific heat capacity values as a function of temperature for USi as determined
by the ratio method. A least squares minimization (—) is included, which disregards
the energetic peak at 719 K. Literature values (---) are included from Knacke and
Oswald [19]. The inset includes the analysis to determine the peak onset temperature.

p = 4.59 x 10’5T+O.2012(J-g’]-l(*1> 2)

with a residual sum of squares, R* = 0.994.

The specific heat capacity in metallic conductors is generally
comprised of a phonon, electronic, and dilational components.
Calculation of the dilational heat capacity term is complicated in
this system as no moduli data was found during the literature re-
view on USi. It is assumed that like most materials that the dila-
tional term is negligible and contributes <0.1% to the total heat
capacity signal over the entire temperature range investigated in
this study. Phonon contributions are commonly separated into
harmonic and anharmonic terms. The harmonic heat capacity
ideally behaves according to the Debye law and asymptotes with
the Dulong-Petit value, which is 0.1875 ] g~ K~! for USi. Both of the
electronic and anharmonic phonon terms are linear with temper-
ature and are commonly expressed as (b-+vy)-T, where b represents
the anharmonic term and v the electronic component. The slope in
Equation (2) is the electronic/anharmonic term, which equates to
6.11 m] mol~! K~ where the data is normalized to a 1-atom basis of
Up 5 Sig 5. Furthermore, the intercept of Equation (2) should equate
to the Dulong-Petit value calculated previously. The intercept of
Equation (2) is greater than the Dulong-Petit value by 7.3%. The
oxide contamination (assumed to be UO,) or UsSi5 secondary phase
is insufficient to explain the difference in Dulong-Petit value. It is
unclear why this deviation exists.

3.4. Thermal diffusivity and thermal conductivity of USi

Experimental results for the thermal diffusivity determined
from LFA measurements as a function of temperature to 1673 K for
USi are shown in Fig. 7. The thermal diffusivity data are observed to
increase non-linearly with temperature. Additional data collected
on cooling from 1273 K is shown in the inset of Fig. 7 near the re-
action temperature of 723 K observed in the DSC. A small but
measurable discontinuity is observed at ~723 K, where the thermal
diffusivity increases by 1.5% compared with the value on heating. A
similar increase in thermal diffusivity has been observed in the
UsSis system at the same reaction temperature [12], and it is
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1673 K collected in this study (). Literature values for UsSis (v— [12]) and UsSi; (<—
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presumed this is a result of the 6% UsSis content observed in the
microstructure. To the authors' knowledge, no thermal diffusivity
exists for the USi phase at the time the literature review was
conducted.

Thermal conductivity as a function of temperature as calculated
from the p(T), cy(T), and D(T) values determined above is shown in
Fig. 8 for USi. Reference values for UsSis [12]| and UsSiy [2] are
included for comparison. All of the data has been normalized to
100% theoretical density using:

Af.’X
T ®)

where Arp and Aep are the thermal conductivity values for a

theoretically dense specimen and experimental values, respec-
tively. The total porosity, P, is calculated from the percent theoret-
ical density value reported in Ref. § 3.1. The influence of secondary
phases on thermal conductivity is approximated using the Maxwell
equation given the phase volume fraction from microstructural
analyses and thermal properties referenced above. An addition of
0.6% UO, lowers the effective thermal conductivity of a USi matrix
by Ref. <0.5%, and is lower than the propagation of error from
calculating the thermal conductivity from each of the individual
thermophysical properties (5%). Similarly, addition of 6% UsSis to a
USi matrix decreases the effective thermal conductivity by
Ref. <2.7% over the entire temperature range investigated in this
study. Thermal transport in USi increases linearly with temperature
according to:

J1p = 0.0107-T + 3.99 <W-m‘] -1<-1) (4)

with an R?> = 0.998. A linear Wiedemann-Franz temperature
dependence has been observed for many of the U-rich U-Si com-
pounds, which is indicative of metallic behavior. However, direct
comparison is difficult as no resistivity data has been experimen-
tally measured for this compound in the literature.

3.5. Impact of USi impurities on performance of UsSiy or UsSis
nuclear fuels

Assessment of the current results alongside thermophysical
property data previously collected for UsSip and UsSis by the au-
thors [2,12] reveals that thermal conductivity among the three
compounds increases as a function of uranium content at all tem-
peratures investigated (Fig. 8). The presence of USi impurity phases
will therefore degrade the thermal conductivity of UsSi, but
augment that of U3Sis, assuming that the resultant microstructures
are nominally continuous (e.g. interphase cracking is minimal). A
simple rule-of-mixtures approximation is sufficient to estimate the
extent to which the presence of USi would degrade the perfor-
mance of UsSi,. Use of the numerical values reported in this paper
and the previous study [2] therefore predict a reduction in thermal
conductivity of UsSi; that will scale approximately linearly with USi
volume fraction at all temperatures investigated; ten volume
percent USi in U3Si, will reduce the thermal conductivity of the fuel
to roughly 91% that of pure UsSi,.

Determination of heat capacity values resulting from USi in-
clusions can be similarly determined to first order. Such calcula-
tions may be important to assess stored power within a fuel
during possible transients. Of more importance may be the dif-
ference in thermal expansion between USi and both Us3Si; and
U3Sis. The mean thermal expansion of USi again falls between
UsSis and UsSiy. Thermal cycling of UsSi; containing USi may
induce interphase cracking given the reduced expansion rate of
USi; an analogous concern would arise due to the increased
expansion rate of USi when contained in a UsSi5 matrix. The rate
of temperature change will combine with the materials'’ me-
chanical properties to dictate the potential for thermal expansion
mismatch to induce cracking in a composite, but the differences in
expansion rate of U—Si compounds may represent another crite-
rion that could dictate permissible limits of USi within other U—Si
nuclear fuel concepts.

4. Conclusions

The thermophysical properties of USi have been determined as a
function of temperature from ambient conditions to 1673 K. A
constant value for the coefficient of thermal expansion was
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determined as a function of temperature. Specific heat capacity
values increased linearly as a function of temperature and are
consistent with the data available in the literature. Both the thermal
diffusivity and conductivity increase linearly with temperature,
which is indicative of metallic conduction.
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Appendix A. Tabulated Thermal Property Values Measured in
this Study.

Table A1

Thermophysical property values of USi determined in this study. Values that are
italicized have been extrapolated from experimental values, as described in the text.
Density values have been calculated assuming a constant value of a,.

T D x 10° Cp px 1073 A

K m?s! Jkg 1 K! kg m—3 Wm 'K!
298 2.75 2154 10.2 6.78
376 3.13 214.8 10.2 7.80
476 3.58 223.7 10.1 9.06
576 3.98 2284 10.0 10.2
675 435 233.0 9.98 113
775 4.72 2371 9.92 12.5
874 5.07 2415 9.86 13.6
974 5.41 2473 9.80 14.7
1074 5.73 2495 9.75 15.7
1174 6.03 253.6 9.69 16.7
1274 6.28 260.1 9.63 17.6
1374 6.60 264.7 9.57 18.8
1474 6.88 269.2 9.52 19.8
1574 7.13 273.8 9.46 20.7
1675 7.30 2784 9.41 215
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