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Abstract

This paper reports a systematic high-temperature creep behavior of dense U3Si, pellets using a
spark plasma sintering (SPS) apparatus at elevated temperatures and pressures under vacuum
conditions. Stress exponent was subsequently derived to be 3.21 at 900 °C and 2.17 at 950 °C,
indicating a grain boundary sliding creep mechanism. The creep activation energy was
subsequently determined to be 203.6 + 19.0 kJ/mol, which agrees well with the literature. Finite
element modeling was performed using the creep parameters fitted from the strain-time plot. The
results suggest an excellent match with the experimental data, confirming the validity of the
experiments. Microstructure characterizations indicate that the main phase of the specimens after
creep tests remains to be U;Sip, with a 4 um layer of nano-sized particles induced from the
diffusion between U;Si, and alumina disc used to avoid electric current passing through the sample.
The successful conduct of creep experiments demonstrates the great potential of SPS to perform
high-temperature mechanical testing of nuclear fuels under vacuum conditions. The subsequent
finite element modeling exhibits excellent capabilities for accurately predicting material
performance in the creep tests and provides a practical tool in evaluating nuclear fuels’

performance for a much-extended time scale.
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1. Introduction

Us;Si; as a potential candidate of accident tolerant fuels (ATFs), has drawn attention ever since
the Fukushima accident. Extensive research has been focused on the development of advanced
fuels that display enhanced performance and improved safety margin. U;Si, has a significantly
higher uranium loading than UO, [1] and exhibits a much improved thermal conductivity that
increases with temperature [2-4]. The increasing thermal conductivity leads to reduced stored
energy and better heat removal efficiency, especially at elevated temperature, which helps to
reduce the risk of melting or other failure modes under extreme conditions. During reactor
operation, nuclear pellets typically experience high temperature, high pressure, and steam
corrosion. Modified U;Si, fuels can be designed to tune their resistances to oxidation and steam
corrosion. In a recent study regarding oxidation resistance of monolithic U;Si,, we reported
improved onset temperatures for both SPS-densified microcrystalline (520 °C) and nanocrystalline
specimens (510 °C), higher than that of UO, [5] and U;Si, prepared with arc melting [6]. A strain
effect is attributed to the improved oxidation resistance of U3Si, fuels, which can be introduced
from the SPS process. In a study about the steam resistance of U3Si, [7], we reported that U;Si,
has a poor performance in steam, displaying rapid loss of mass from around 459 °C and loss of
structural integrity in the isothermal steam testing at 350 °C. However, after Cr doping, the U3Si,
specimens exhibit outstanding steam corrosion resistance, both in ramping test and isothermal test
[8]. Both 5 wt% Cr-doped Us3Si, and 10 wt% Cr-doped U;Si, specimens remain their original
weight until ~520 °C. The 10 wt% Cr-doped pellet remains its integrity in the isothermal steam
test under 360 °C for at least 24 hours. These findings indicate that Cr doping can indeed improve
the corrosion resistance of materials. In addition to Cr [9], other additives-incorporated U;Si, such
as Al[9,10], Y [9],and 3Y-TZP [11] were also extensively studied. Composite fuels by combining
silicides with other leading fuel concepts were also studied to combine their merits together to
improve fuel performance. For example, Gong et al. [12] fabricated UN+UO, composites with
onset temperatures for oxidation above 500 °C and simultaneous enhanced fracture toughness and
thermal conductivity. U;Si,/UN composites were also fabricated by White et al. [13] though with
inferior performance due to micro-cracking induced from thermal mismatch between UN and
UsSi,. By controlling SPS sintering conditions and cooling parameters, the micro-cracks in the
U;Si,/UN can be mitigated with improved thermal-mechanical properties and oxidation resistance

[14].
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Mechanical properties including hardness [8, 12, 15-18] and Young’s modulus [18-20], are
also of great significance and interest for nuclear fuels and have been extensively investigated for
U;Si, fuels. Among all of these properties, high temperature creep behavior of nuclear fuels is a
key fuel property profoundly impacting the fuel cladding mechanical interaction, and the fuel
matrices are applied with high compressive stress from the cladding at elevated temperatures.
Generally, the creep process can be categorized into three stages, including primary, secondary,
and tertiary phases. The primary stage was a result of hardening from the substructure development
[21], which features an increase in strain with a decreasing strain rate. The secondary phase
witnesses a constant (steady-state) strain rate, critical for the longevity of the component under
applied stress, and the tertiary phase displays a much higher strain rate (force-controlled loading).
Different stages of the creep curve are the outcome of microstructural change and the competition
between two contrary processes, i.e., hardening and recovery [22]. Hardening increases the
strength of the material through the dislocation movement and generation, while recovery removes

these accumulated defects and promotes further deformation.

However, it is difficult to perform high temperature creep measurements of nuclear fuels,
particularly for silicide, nitride and metallic fuels which are highly sensitive to oxidation at
elevated temperature, and high temperature creep testing should be performed in a controlled
environment with oxygen exposure, and the creep test involves long-term application of stress.
Therefore, high-temperature creep data for nuclear fuels are scarce in literature, due to constrains
for high temperature creep testing that requires long-term operation under both high temperature
and high pressure in an oxygen-controlled environment. Limited data on UO, fuel were reported
in literature. Frazer et al. [23] used a MicroMaterials Platform indenter to perform creep on UO,
up to 500 °C and derived the stress exponent for SPS-sintered and conventional UO, pellets.
However, the total running time was 5 minutes, due to the limit of the apparatus. The creep
behavior of stoichiometric UO, was investigated with a bending apparatus in the temperature range
of 1250 to 1400 °C with a pressure of 700 to 16000 psi. The activation energy was measured to be
91 + 8 kcal [24]. The creep activation energy of single-crystal UO, during the first stage of creep
was derived to be 5.1 eV with four-point loading testing at a temperature range of 1340-1685 °C
and a stress range of 3600-8000 psi. Recently, Mercado ef al. performed creep testing of multiple
U;Si; samples for much extended period, up to 900 hours. The authors tested U;Si; samples under

different combination of temperature and pressure and derived an activation energy of 168 kJ/mol.
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Metzger [25] developed models for simulating creep behavior of UsSi, and stated that at
temperature above 600 °C and when stress is above Gx10* (G is the shear modulus), the creep

mechanism is likely to be dominated by dislocation creep mechanism.

In the current work, we report the high-temperature creep tests of UsSi, using spark plasma
sintering with controlled temperature and pressure in a vacuum environment. The relationships
between strain vs. time, and strain rate vs. strain were examined, indicating a primary creep stage.
Stress exponent at different temperatures were derived to be 3.21 at 900 °C and 2.17 at 950 °C,
suggesting a dominant creep mechanism of grain boundary sliding. The apparent activation energy
was calculated from the Arrhenius equation to be 203.6 = 19 kJ/mol, which matches with literature.
Finite element modeling on the creep behavior of the specimens were further performed with the
same geometry as the testing specimen and the derived creep parameters. The results agree well
with the experiments, confirming the validity of the experimental data. Microstructure
characterization on the specimens after creep tests suggest that the samples remain its integrity and
phase with no oxidation after 8 hours high-temperature tests. These results demonstrate that SPS,
commonly used as an advanced fuel fabrication technology, holds immerse potentials to be used
as a unique high-temperature mechanical property testing apparatus for nuclear fuels, which are
typically difficult to be measured. The combination of experiments and finite element modeling
makes it possible to predict the creep behavior of nuclear fuels at longer timescales, which greatly

enhance our capability of evaluating nuclear fuel performance under extreme conditions.

2. Experimental Details
2.1 Densification of U3Si, by SPS for high temperature creep testing

The U3Si, powders used for dense fuel pellet fabrication were manufactured by Idaho National
Laboratory (INL) through powder metallurgy, involving a series of operations such as powder
mixing of uranium and silicon, multi-current arc melting, and high-temperature thermal annealing.
The detailed manufacturing procedures were described earlier in [26]. The U;Si, powders were
ball milled with a high-energy ball milling (HEBM) to reduce the particle size before sintering
[16, 27]. The ball milling apparatus used is a Pulverisette 7 planetary micro mill (Idar-Oberstein,
Germany). One ball milling cycle typically consists of 15-min running time and 10-min idle time,
with a rotating speed of 500 rounds per minute. 4-cycles were run for each batch of powders. All

of the powder preparation operation was handled in a glovebox with the oxygen level lower than
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1 ppm. Before the sintering, ~ 3.5 grams of U3Si, powders were loaded into a graphite die, wrapped
by a thin graphite foil. Two pieces of graphite discs were placed at two sides of the powder compact
to separate the powders and the graphite punch. The graphite die was wrapped by a piece of
graphite felt to reduce heat loss during the sintering and then the whole assembly was placed into
the chamber of the SPS apparatus (Thermal Tech, SPS 10-3, Santa Rosa, California). During the
sintering, temperature was measured by a thermocouple. Temperature ramps from room
temperature to 1050 °C with a heating rate of 100 °C/min, then the specimen was isothermally
held for 5 mins with the pressure ramping from 15 MPa to 50 MPa. After sintering, the pressure
was immediately released to allow for a free cooling of fuel pellets. The sintered fuel pellets after
cooling were grounded to remove the graphite foil and polished with silicon carbide papers. The
physical density was measured with an Archimedes method. The sintered pellets have a height of

~5 mm and a diameter of ~8mm.

2.2 High temperature creep testing on U;Si, pellets by SPS

The polished Us3Si, specimen was placed into the chamber of a graphite die, which has a
diameter of 25 mm. At one side, an alumina thin disc was placed between the graphite punch and
the sample to avoid the electric current passing through the specimen, since it was reported that
electric current will have an impact on the creep behavior of the test specimens [28]. The disc has
a diameter of 25 mm and a thickness of 0.65 mm. On the other side, two graphite discs with both
sides sprayed with boron nitride were placed on the sample instead of alumina disc to avoid
possible effect from the crack of the alumina disc. The whole graphite die was wrapped with two
layers of graphite felt, including the top of the die to avoid any heat loss. A thermocouple was
inserted into a small hole on the wall of the die and stays in contact with the sample to measure its
surface temperature during the whole testing. The chamber keeps a vacuum of lower than 2x102
torr during the testing to avoid any oxidation to the specimen. Before the sample heats up, a
pressure of 15 MPa was applied on the sample. After the beginning of the creep testing, the
pressure increases from 15 MPa to the testing pressure with a rate of 5 MPa/min, then temperature
increases from room temperature to the testing temperature with a rate of 25 °C/min. Temperature
will remains at the testing temperature for the following 8 hours before the program terminates.
After the test, the specimens were taken out and the top and bottom surfaces were polished for

microstructure characterization. In the current work, two temperatures and two stresses were
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considered. Specifically, 900 °C and 950 °C were selected as testing temperature to ensure that the
testing was conducted in the thermal regime, as the transition temperature of the two regimes, i.e.,
athermal irradiation induced creep and thermal creep is ~0.45 T, [29]. For U;Si,, its melting point
T is 1665 °C [30], thus requiring the creep testing temperature above 750 °C. These temperatures
are also representative of the calculated centerline temperatures for U3Si2 if used as an LWR fuel
[A,B,C]. For testing pressure, the creep tests were conducted at 60 MPa and 70 MPa, which is

above the sintering pressure and approaches the stress limit of the graphite punch used.

2.3 Microstructure Characterization of Sintered Specimens and after creep testing

The microstructure of the sintered specimens and creep tested samples was characterized by a
field-emission scanning electron microscopy (SEM, FEI Versa 3D, Oregon, US). X-ray diffraction
(XRD) patterns of each specimen were obtained through a Panalytical X Pert XRD system
(Westborough, MA, USA) with Cu Ka irradiation, the wavelength of which is 1.5406 A. The

scanning range is 20° - 80°, and the scanning step is 0.05° with a scanning rate of 2 s/step.

2.4 Finite Element Modeling

Finite element models were created in Abaqus®, with the same dimensions as the actual testing
specimens. The material properties of the models were then specified. Specifically, Young’s
modulus was 130 GPa [19] and Poisson’s ratio was 0.2 [31]. Coefficient of thermal expansion was
16.1 x 10°K-!. For modeling creep property in Abaqus, time-hardening and strain-hardening are
two popular models to choose, the former depicts the relationship among strain rate, stress, and
time; while for the latter strain rate, stress, and strain. Under certain circumstances and constraints,
these two forms of hardening can be unified [32]. In the current modeling, time-hardening was
used for its simplicity. Three parameters were specified, including power law multiplier 4, stress
order n, and time order m based on the time-hardening model shown below in Equation (1) [32],
where € is the creep strain rate, g is the stress, and ¢ is the creep time. Integrating equation (1) leads
to equation (2), where ¢ is the strain. The input values of 4, n, and m were obtained by fitting the
strain-time curve obtained from each specimen. The creep behavior was modeled via the visco
step, which depicts time-dependent response for transient stress-displacement analysis and is
commonly used to model the creep behavior. The time for this step was specified as 28800 seconds,

corresponding to 8 hours that is the same as the experiment. The minimum time increment is 0.288
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and the creep strain error tolerance was set to 0.1. The temperature of the model was specified
through the predefined fields from the initial step. The load was applied through evenly distributed
pressure to the top surface, while a ZSYMM boundary condition was specified for the bottom
surface of the sample such that there is a symmetry about plane z. For the mesh, the approximate
global size was 0.2, the element shape was Hex, with a sweep meshing technique. The element

type was 3D stress, with a linear geometric order.
€ = AqMt™H#(1)

A
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3. Results and Discussion
3.1 Creep Behavior of U;Si; Evaluated with SPS

Fig. 1A shows the SPS-sintered U;Si, specimens before and after the creep test, the diameter
of the specimen is ~8 mm, and the thickness is around 5.5 mm. Both surfaces were fine-polished
to ensure their parallelism. Noticeable deformation can be noticed for all U;Si, specimens after
creep testing at higher temperature and pressure. The deformed specimen after the test obviously
shows that the deformed pellet geometry is shorten in thickness and increased in diameter. Unlike
other creep studies with SPS [33], in this study, constant stress was applied to the specimen such
that the true stress remains constant during the test, instead of decreasing due to the increase in the
cross-section. Fig. 1B shows a representative plot of temperature and position of the piston vs.
time during the test. It can be noticed that with the increase of temperature, the recorded position
increases first until the testing temperature is reached. This is mostly due to the thermal expansion
of the graphite spacer. Subsequently, the position starts to decrease gradually until the end of the

test.

Strain was calculated based on equation (3) below, where A/ represents the specimen length
change, and /j is the initial sample thickness. All strains indicated are nominal values referring to
the dimension of the original sample. All stresses indicated are true stress since the testing process

1s stress-controlled instead of force-controlled.

Al
e=—#(3)
lo
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The solid lines in Fig. 2A show the plot of strain vs. time obtained from the experiments at
various temperatures and pressures. The strain data were smoothed with a point of window ~1000
to ensure the correct calculation of strain rate. Several observations can be made from Fig. 2A.
Firstly, all of the creep curves increase with time, suggesting that the specimens experience
continuous thickness shrinkage. Secondly, when temperature increases or stress increases, a higher
strain can be expected as materials become more ductile at higher temperatures. Generally, the
creep process can be divided into three steps, i.e., primary, secondary, and tertiary creep. For creep
with a constant load and constant stress, the first two steps in the strain-time plot are generally
overlapped. The distinction of these two loading methods starts from the tertiary step, where strain
rate increases fast for constant-load creep, while keeps a constant value for constant-stress creep.
All specimens tested under various temperatures and pressures are in the primary stage of the creep
within the first 8 hours. Work hardening [34] can be observed in all samples, which decelerates
the strain rate. As indicated in [33, 34], a quasi-steady-state can be defined if the strain rate tends
to approach a limit, which corresponds to the quasi-steady-state strain rate. Fig. 2B shows the plot
of strain rate vs. strain for all specimens. The strain rate was calculated as the derivative of strain
curve based on the normal strain based on original dimensions. The plot shows that strain rate

decreases as strain, suggesting work hardening in all specimens.

An Arrhenius equation shown in equation (4) is commonly used to depict the relationship
between strain rate, stress, temperature, and creep activation energy, specifically for the secondary
creep or quasi-steady-state here, where € is strain rate, 4 is a pre-exponential factor, n is stress
exponent, 7 is temperature in unit K, R is gas constant, and Q is the activation energy for creep.
When temperature remains the same, the last term can be regarded as constant and equation (4)
can be further simplified to equation (5), where strain rate is only a function of stress. Taking
logarithm at both sides, equation (6) can be obtained. By plotting logarithmic strain rate and
logarithmic stress, the stress exponent n can be derived. Fig. 3A shows the derived value of n,
which is 3.21 at 900 °C, and 2.17 for 950 °C. It is common that » varies at different temperatures,
which was reported in literature [35-37] and may be due to a change of creep mechanisms at
different temperatures. Based on literature [21, 38], creep with a stress exponent of 2 represents a
creep mechanism due to grain boundary sliding accommodated by formation of grain boundary
cavities, while an exponent of 3.5 represents grain boundary sliding accommodated by triple point

fold formation. After the derivation of n, equation (4) can be simplified as equation (7), since o”



236
237
238
239
240
241
242
243
244
245
246
247
248

249

250

251

252

253

254

255

256
257
258
259
260

can be regarded as a constant now. Taking logarithmic at both sides, equation (8) can be obtained.
The activation energy for creep can be further derived by plotting log € and //7. Fig. 3B shows the
derivation of O, which equals to 203.6 = 19.0 kJ/mol. Yingling [39] derived the activation energy
for U;Si, using different creep models. Specifically, using a power law as equation (4), activation
energy was obtained to be 218.6 kJ/mol. If using an improved power law as shown in equation (9),
the activation energy was 225.3 kJ/mol. Using the coble creep as shown in equation (10) (d is the
average grain size), the authors obtained an activation energy of 208.7 kJ/mol. Lastly, with the
Nabarro-herring method [40], activation energy was derived to be 173.4 kJ/mol. It can be seen that
the experimentally derived activation energy for U;Si, in this study matches pretty well with the
simulation conducted by Yingling based on BISON, which is a finite element code for nuclear
simulation. Mercado [41] derived the high-temperature activation energy of U;Si; to be 168 kJ/mol
with an exponent of 1.94, which is slightly lower than the value reported here and might be due to

different sample geometry, microstructure, density, etc.

€ =Ac"exp ( — %) #(4)
€ = Ao #(5)

logé = logA +nlogo #(6)
e~ Dwc
€ = Bexp| —pr (7

o Q
logé = logB —RT#(8)

é—éanex —g#(())
— 17 P TR

,_ Ao Q
€= 775 €Xp —ﬁ#(10)

For creep strain in the primary creep stage, it can be characterized by the power law shown in
formula (11) below [42], where € is the initial strain, m is the time exponent, and the other
parameters have the same meaning as above. Note that a similar formula was used in Abaqus to
describe the relationship among strain rate, stress, and time. After fitting the strain-time data

obtained from the high temperature creep testing by SPS and the value of n obtained previously,
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the time component, m, can be derived and is shown in Table I. Although no obvious variation
found in the value of time exponent m in this temperature range, it was reported that m varies with

temperature [42].
€ =¢€p+ Ao™t™#(11)

Table I: stress and time exponent derived at different creep temperature and pressure

Sample # Testing temperature (°C) Testing Pressure (MPa) n m

1 900 60 321 0.68
2 900 70 3.21 0.69
3 950 60 2.17 0.67
4 950 70 2.17 0.73

3.2 Finite Element Modeling of Creep Behavior of U;Si,

A representative finite element model for the U;Si, specimen used in the creep testing is shown
in Fig. 4A, where the bottom was constrained with Z-symmetry and the top surface was applied
with constant pressure. Figs. 4B and 4C shows the contour plots of the strain on the uniaxial
direction and the Von Mises stress on the deformed model after 8 hours creep under 900 °C and
70 MPa. The color bar indicates that the strain and Von Mises stress are uniform for all locations
in the model and the variation is negligible. The variation of strain vs. time for all samples was
plotted with scattered squares in Fig. 2A, which overlapped with the experimental data. This
suggests an excellent match between the modeling results and the experiments and confirms the
validity of the experimental data. These finite element models can be utilized to further estimate
the strain and stress response of specimens for much longer time under constant stresses and thus
are very useful to have a better understanding about the creep behavior of U;Si, beyond the limit

of experiments.

3.3 Microstructure Characterization of U;Si, specimens Prior and After Creep Tests

Figs. 5A and 5B show XRD patterns for U;Si, specimens underwent creep tests at 950 °C, 70
MPa and 900 °C, 60 MPa. Specifically, the XRD pattern shown in Fig. 5SA was acquired the bottom

surface of the sample in contact with the alumina disc; while the XRD pattern shown in Fig. 5B
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was acquired from the top surface of the sample in contact with the graphite foil sprayed with
boron nitride. Fig. 5C shows the XRD pattern for the as-sintered sample, where all peaks can be
indexed to monolithic U;Si,. It can be seen that for the top surface of the sample after creep test,
all peaks can still be indexed to U3Si,. No oxidation can be observed, suggesting that the samples
still retain their original phase during the whole testing period. On the bottom surface in contact
with the alumina disc, majority of the peaks can still be indexed to U;Si,, but there are some other
peaks appeared, which can be indexed to U(Al, 5¢Sig44) (PDF 01-071-4041) [6]. Minor peaks
marked with downward arrows can be indexed to AlSi;U; (PDF 00-048-1664) [6]. The
appearance of U-Si-Al ternary phases suggest that during the high-temperature and pressure

conditions, diffusion happens between the alumina disc and U;Si,.

Fig. 6 displays a series of SEM images prior and after creep tests. Fig. 6A shows the as-sintered
Us;Si, specimen. It can be seen that the monolithic U;Si, pellet is very dense and displays uniform
microstructure without with secondary phases or obvious pores. Fig. 6B shows the top surface of
the sample after creep test at 900 °C and 60 MPa. Although the sample underwent the creep test
for 8 hours, no obvious changes can be noticed in the sample. Fig. 6C shows the bottom surface
of the sample after creep test at 900 °C and 70 MPa, from which it can be seen that some cracks
and bulges appeared. These features might be attributed to the formation of the U-Si-Al ternary
phase because of the inter-diffusion between the fuel matrix and the alumina disc. Figs. 6D and
6E show enlarged views of the bulge appeared at the bottom surface of the sample after creep test
at 950 °C and 60 MPa. It can be found that at both sides of the bulge, many nano-sized particles
formed, which was believed to be the nano-sized particles of the ternary phase. Fig. 6E shows that
the thickness of the layer consisted with nano-sized particles is around 3.7 pm, below which the
U3S1, still remains its original microstructure. Fig. 6F shows the bottom surface of the sample after
creep test at 950 °C and 70 MPa after the removal of ternary phase layer via grinding. Some pores
and cavities can be seen from the SEM image, confirming that the creep mechanism at 950 °C is

grain boundary sliding accommodated by the formation of grain boundary cavities.

4. Conclusions

In summary, high-temperature compressive creep tests were successfully conducted on U3Si,
fuels using SPS under the temperature range of 900-950 °C and pressure range of 60-70 MPa.

Temperature, pressure, and displacement of sample geometry were recorded in-situ during the tests,
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and the strain was determined. Strain rate was calculated, and a monotonic decreasing trend was
observed within the primary stage of the creep. The stress exponent was derived to be 3.21 at 900
°C and 2.17 at 950 °C based on the quasi-steady state, respectively, suggesting a grain boundary
sliding creep mechanism. The activation energy was calculated to be 203.6 £ 19.0 kJ/mol, in
excellent agreement with literature. The finite element modeling shows that after the creep, the
sample has a uniform strain and stress, validating the experimental observations. Microstructure
characterizations suggest that the sample remains to be U;Si, after the creep, and an inter-diffusion
occurred between the fuel matrix and the alumina disc, leading to the formation of ternary phases
with nano-sized particles. Cavities can also be observed at grain boundaries, confirming the grain
boundary cavities creep mechanism. The systematic study of creep behavior of U;Si, with SPS
demonstrates great potentials of using SPS as a unique approach for high-temperature creep testing
of nuclear fuels with programmable temperature and pressure under minimum oxidation. The
creep mechanisms and key parameters (such as activation energy, stress component) will be
valuable for predicting performance of the nuclear fuels based on finite element modeling or

engineering-based fuel performance codes.
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434 Figure 1: (A) UsSi; pellets prior and after high temperature creep tests; and (B) A representative
435  plot of recorded temperature and displacement during the creep test of U;3Si, pellets for 8 hours.
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Figure 2: (A) The plot of strain vs time at different temperatures and pressures, along with the
fitted data and finite element modeling results. The derived key creep parameters, such as stress
exponent n and time exponent m, are marked aside of each curve. Higher temperature and higher
pressure lead to higher strain at all time; (B) The plot of strain rate and strain showing a monotonic
decrease due to work hardening, suggesting a primary creep stage. Higher temperature and higher
pressure result in higher strain rates.
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445  Figure 3: (A) The plot of logarithmic strain rate vs. logarithmic stress. The stress exponent was
446  derived to be 3.21 at 900 °C and 2.17 at 950 °C, suggesting that the creep mechanism is grain
447  boundary sliding; (B) an Arrhenius plot to determine activation energy of Us;Si, upon high
448  temperature creep testing.

449



450

451
452
453

454

(A) B)

Figure 4: Finite element models for the specimen tested at 900 °C and 70 MPa: (A) load and
boundary during the test, (B) uniaxial strain at the end of testing, and (C) Von Mises stress in the
specimen. Strain and stress can be seen to be uniformly distributed in the whole model.
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Figure 5: XRD patterns of the U;Si, specimens prior and after creep tests. The bottom surface of
the specimen contacting with an alumina disc (A) showing the formation of U-Al-Si ternary phases;
while the top surface of the specimen contacting with a boron nitride sprayed graphite disc (B)
showing no oxidation or phase changes, comparing to the as-sintered monolithic U;Si, (C).
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Figure 6: SEM images of the U;Si, specimens prior and after the creep tests: (A) the surface of
the as-sintered specimen shows the monolithic U;Si, pellets are dense and display uniform
microstructure and phases behavior; (B) the top surface of the U;Si, specimen after testing at 900
°C and 60 MPa, showing no obvious microstructural variation; (C) the bottom surface of the U;Si,
specimen tested at 900 C and 70 MPa contacting with alumina disc, showing cracks due to the
formation of U-Al-Si ternary phases; (D-E) the layer (thickness of ~4 um) of the ternary phases
featuring nano-sized particles; and (F) Vacancies on the grain boundaries of the polished bottom
surface of the U;Si, specimen tested at 950 °C and 70 MPa.



