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The mechanical interaction between the fuel and cladding that occurs during operation of a nuclear re-
actor is important to understand as it can lead to cladding failures and release of radioactive material
into the coolant. In order to develop better models of the pellet-clad mechanical interactions , the me-
chanical properties of the fuel at relevant operating temperatures, like the elastic moduli, are needed for
current and advanced accident tolerant fuels (ATFs). In this work, elevated temperature nanoindentation
and resonant ultrasound spectroscopy were used to measure the moduli and hardness of several fluorite
materials (CeO,, ThO,, UO,) and several ATF candidates (ATF) (UsSiy, UN, UB;). In addition, a comparison
of the two techniques was performed in this study to independently validate the mechanical properties.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The mechanical properties of established nuclear fuels and po-
tential fuel forms are important for understanding the pellet clad
mechanical interactions (PCMI) that occur during operation of a
reactor [1,2]. During operation, the cladding material will creep
down, and the fuel will swell leading to contact and, therefore,
development of stresses between the cladding and the fuel. The
PCMI is related to the limited ability of the currently used fuel in
light water reactors, uranium dioxide (UO,), to creep at the cur-
rent operating temperatures. As a result, stresses increase at the
fuel-cladding interface and, along with the buildup of fission prod-
ucts, this promotes stress corrosion cracking in the cladding ma-
terial. The PCMI can lead to failures in the cladding which leads
to ingress of coolant into the cladding rod and egress of solid and
gaseous radioactive material into the coolant stream. In order to
better understand the phenomenon of PCMI, the mechanical prop-
erties of different fuel forms at the operating temperature of the
pellet, especially the periphery of the fuel pellets, are needed.
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In the literature, the mechanical properties of polycrystalline
UO, have been evaluated from 25°C to 1700°C [3-23]. This work
includes measuring creep in UO, at temperatures greater than
1000°C [3-10]. In addition, the mechanical and elastic property
measurements have been performed on accident tolerant fuel
(ATF) candidates like UN [24-27], U3Si, [28-33] and UB, [34-36].
These ATF candidates have desirable properties in comparison to
UO,, such as increased uranium density and higher thermal con-
ductivity [29]. Lastly, there have been limited investigations of the
mechanical properties of CeO, as a function of temperature [37-
40], a surrogate for PuO, [39]. There have also been several stud-
ies on the mechanical properties of ThO, [41-45]. While fresh fuel
has low levels of radioactivity and can usually be handled in spe-
cial laboratory space, spent fuel contains highly radioactive fission
products requiring handling in hot cells, which makes the me-
chanical testing time consuming and costly. Small scale mechan-
ical testing (SSMT) reduces the volume of material needed for me-
chanical testing which allows for testing outside of hot cells and
reduces the cost of post-irradiation examination (PIE) [18].

A variety of experimental techniques can be used to measure
the elastic and mechanical properties of nuclear fuels. Two of these
techniques are nanoindentation [46,47] and resonant ultrasound
spectroscopy (RUS) [48-50]. Both have the advantage of being able
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Table 1
Measured geometric densities of the materials used in this study when
compared to their theoretical density.

Sample CeO, ThO,  UO, UsSi, UN UB,

Density (%) 96.54  90.8 9592 9473 90.74 91.68

to measure the mechanical or elastic properties over a tempera-
ture range. Nanoindentation is a technique that can be used to
measure the Young’s modulus and hardness of a sample over a
temperature range [46,47]. The benefits of nanoindentation include
the relatively simple sample preparation, low volume of material
needed, and the high temperature conditions that can be reached
with these instruments. This is advantageous when working with
spent fuel as most of the sample preparation is conducted in hot
cells where sample manipulation and handling are difficult.

In this study, elevated temperature nanoindentation was per-
formed on a variety of compounds that include UO,, CeO,, ThO,,
U3Sip, UN, and UB,. Elevated temperature RUS is a technique
that can be used to determine the elastic constants of a material
over a temperature range. RUS was performed on CeO,, UO,, and
U3Si, for comparison to the nanoindentation results. RUS is a non-
destructive, high-precision technique that can evaluate the bulk
elastic properties of a material [51]. It is also sensitive to the inter-
nal texture of the material [52]. The absolute accuracy of RUS can
be much less than 1% with a sensitivity to detect relative variations
smaller than 1 part per million [53] allowing for highly accurate
measurements of the elastic constants of the material. These char-
acteristics make RUS ideal to explore the temperature dependence
of the elastic constants in radioactive materials. Before widespread
use of nanoindentation and RUS on spent fuel are implemented,
they must be demonstrated and qualified with fresh fuel forms.

2. Experimental

The materials chosen for this study were CeO, [39], ThO,, UO,
[50], U3Si, [29,32], UN, and UB, [35], where the fabrication details
are provided in the respective citations. The ThO, and UN were
sintered using powder metallurgical routes in a glove box with a
high purity Ar atmosphere where O, was maintained below 20
ppm. The UN was sintered at 2200°C under N,/H, atmosphere to
prevent decomposition of UN. UO, was chosen because it is the
standard fuel in most commercial reactors today. CeO, and ThO,
were evaluated because they have the same crystal structure as
UO,. UsSiy, UN, and UB, were chosen as they all have been pro-
posed as accident tolerant fuel candidates.

The theoretical densities as calculated from the geometric val-
ues of the samples and their masses are shown in Table 1. The
samples for nanoindentation were cut approximately 1 mm thick,
then they were ground and polished to a 1 um finish. The sam-
ples were then vibrometed for 24 hours in 0.05 pm colloidal silica.
The nanoindentation system used for these high temperature in-
dents was a Hysitron Tribolndenter (Bruker Hysitron Tribolndenter,
Bruker AXS, Madison, WI, USA) with the XSOL 800 hot stage. In
these experiments, a Berkovich cubic boron nitride (cBN) tip was
used and calibrated on a fused silica standard. The tip was cali-
brated on the fused silica standard prior to performing and after
completion of the indents on each sample.

The environmental control for high temperature nanoindenta-
tion of uranium compounds is extremely important, as they can
be reactive with oxygen [54]. The XSOL 800 nanoindentation stage
is equipped with a cover gas system to minimize oxidation. How-
ever, early studies suggested that additional precautions were re-
quired to minimize oxidation in the nanoindenter chamber. This
was achieved with additional feedthroughs to allow for the cham-
ber to be purged with an inert or reducing atmosphere in order
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to inhibit oxidation of the samples. The oxygen in the Triboin-
denter enclosure was monitored using a GasAlert Extreme Single
Gas Detector (BW technologies, Alberta, Canada) with a detection
limit of 0.1% (1,000 ppm) oxygen. The GasAlert oxygen sensor was
mounted slightly higher in the enclosure than the sample position.
The sample chamber was purged overnight until an undetectable
quantity of oxygen was measured on the oxygen sensor and was
further flushed for an additional 2-3 hours to ensure the sample
was in a reduced oxygen atmosphere. Additionally, the gas was run
through the XSOL 800 hot stage with its own inlet and outlet sup-
plies.

The high temperature nanoindentation measurements of the ,
UsSi,, UN, and UB, samples were performed in argon-rich atmo-
spheres. An argon + 6% H, gas mixture was used for the UO, and
ThO, sample. The argon + 6% H, gas mixture was not used for the
other samples because hydriding has been observed or suspected
in the literature [55,56].

For the CeO,, ThO,, and UO,, the nanoindentation experiments
were performed at room temperature 298 K (RT), 373 K, 573 K, 773
K, and 973 K. The elevated temperature indents on the UsSi, and
UN samples were performed at RT, 373 K, and 473 K, while the
indents on the UB, sample were performed at RT, 373 K, 473 K,
573 K, and 673 K. As well be discussed later in the manuscript the
accident tolerant fuels could not reach higher temperature because
of oxidation effects on the surface.

Purging the chamber of the nanoindentation system with in-
ert or reducing environments leads to challenges when using the
full load of the indentation head. Utilizing an inert or reducing at-
mosphere reduced the maximum load of the indenter to 3-4 mN
(as compared with ~ 18 mN in air), and produced anomalous dis-
placement events in the load-versus-displacement curves in higher
loading conditions. The maximum temperature reached with the
more air sensitive compounds was lower than the maximum test-
ing temperature because of oxide formation on the samples sur-
face. This oxide formation can be seen with the UsSi,, UN, and
UB, compounds. No changes in the sample surfaces were observed
after the measurements for thefluorite crystal structured materials
during nanoindentation.

All of the samples were heated at 20°C min~! to the desired
testing temperatures and were allowed to thermally equilibrate for
10 minutes at each desired testing temperature for the nanoinden-
tation experiments. The ¢BN tip on the Tribolndenter is not ac-
tively heated which can lead to thermal drift during the measure-
ment. To minimize thermal drift during the nanoindentation, the
tip was placed in contact with the sample for 5 minutes to equi-
librate with the sample temperature. After heating the tip, inden-
tations were performed on the sample at the desired testing tem-
perature. At each test temperature, on each sample 16 individual
indents with a spacing of at least 20 pm, were collected for sta-
tistical averaging of random grain orientations. Optical inspection
of the grid of indents was performed using the indenter’s micro-
scope. Indents performed on or near pores were removed from the
data set. The removal of these indents would leave indents per-
formed far from pores enabling the probing of nearly fully dense
material. The Young’s modulus was calculated from the reduced
modulus measure with nanoindentation system using Eq. (1).

1 - (-0) o

E Es E;

where E; is the reduced modulus measured with the indenter, Es is
the elastic modulus of the sample, vs is the Poisson’s ratio for the
samples, E; is the elastic modulus for the indenter (680 GPa), v; is
the Poisson’s ratio for the indenter (0.15). In Eq. (1), the value for
elastic modulus of ¢BN tip, E;, is corrected for the temperature of
the test using the equation in [57]. The following Poisson’s ratios
for the samples were used 0.185 for UsSi; [29,32], 0.28 for UN [26],




D. Frazer, B. Maiorov, U. Carvajal-Nufiez et al.

0.1 for UB, [35] 0.3 for UO, [23,30], 0.3 for CeO, [38-40], and 0.3
for ThO, [41-45].

The samples for RUS were sintered and cut into 5 x 5 mm right
cylinders. High temperature RUS measurements were performed
using a probe that was fabricated in-house as described elsewhere
[53]. The RUS measurements of the CeO,, UO,, and UsSi, sam-
ples were performed from RT to 500 K in an atmosphere of low
pressure, ultra-high purity He atmosphere. The sample space was
evacuated to 1076 torr and refilled several times to remove oxygen
from the atmosphere. No changes in the sample surfaces were ob-
served after the measurements of the samples in the high temper-
ature RUS experiments. The sample was held with minimal pres-
sure (<5g) between two LiNbO; transducers, one of which pro-
vides excitation of a sinusoidal function of frequency f while the
other continuously measures the displacement produced in the
sample. All the wiring and connections were made to withstand el-
evated temperatures [53]. The software and electronics used to ob-
tain and analyze the resonances are described elsewhere [51]. The
temperature ramp rate was 0.1-0.2 K-min~!. Since it takes about
one minute to obtain a satisfactory resonance spectrum, this rep-
resents a full elastic tensor data set every 0.1 K. Increasing and
decreasing temperature measurements show no visible hysteresis,
indicating very good thermal agreement between the thermometer
and the samples and no irreversible behavior in the samples.

The elastic constants of the pellets were obtained from the res-
onance spectra using the Rayleigh Ritz inversion method, as de-
scribed in the literature [48,49,58]. The prediction of the resonance
frequencies are evaluated from the sample density, sample geome-
try, and initial guesses for the elastic constants. The predicted fre-
quencies are then compared with the experimental values and are
iteratively refined by varying the elastic constants to obtain fitting
errors below an acceptable level. At least 40 resonance peaks for
each sample were obtained and indexed. The associated uncertain-
ties (as defined by the difference between the predicted and exper-
imentally indexed resonance frequencies) for UO,, CeO,, and UsSi,
were 0.32%, 0.27% and 0.41%, respectively. These samples were as-
sumed to be polycrystalline and isotropic, as is expected for these
unirradiated materials produced by conventional pressing and sin-
tering of powders. Using Voigt notation, isotropic materials are
associated with only two independent elastic constants, C;; (the
compressive elastic constant) and C44 (the shear elastic constant),
whereby the dilatational elastic constant is defined by C;; = Cy;-
2Cy44. The Cq; and Cyy4 elastic constants obtained with RUS can be
used to calculate the elastic moduli and Poisson’s ratio of the spec-
imens, where other properties such as shear modulus (G = Cy4),
bulk modulus (K), Young’s modulus or Young’s modulus (E), and
Poisson’s ratio are given in Eqs. (2)-(4).

4
K= Cy— §C44 (2)
E=3K(1 -2v)=2G1 +v) 3)
Cii — 2Cyq
po T 4
2(Cn —Cyq) “@

3. Results and discussion

The results for the Young's modulus obtained from nanoinden-
tation for the fluorite materials which are CeO,, ThO,, and UO, as
a function of temperature are shown in Fig. 1A-C. It can be seen
that the Young’s modulus for all of the fluorite materials decreases
with temperature in a linear manner. This is seen in other oxide
materials [59] and fits with the Varshni theory [60]. For the CeO,
values in Fig. 1A it can be seen that our Young’s modulus at room
temperature matches well with both experimental and modeled
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Table 2
The intrinsic hardness and softening coefficients of the fluorite ox-
ide materials.
Sample CeO, ThO, uo,
Intrinsic Hardness [GPa] 15.76 23.81 17.93

Softening Coefficient [K-'] ~ -0.0025  -0.0026  -0.0026

literature values [38,39]. No elevated temperature Young’'s mod-
ulus data was found in the literature for CeO,. In addition, the
mass of the fluorite samples was measured before and after the
elevated temperature nanoindentation and no change in mass was
detected. The Young's modulus of ThO, measured with nanoinden-
tation over temperature (Fig. 1B) also agrees well with literature
values [43,44]. In addition the values for UO, (Fig. 1C), agree well
when compared to values from experimental [23]| and modeling
data [19].

The hardness values for the fluorite materials are shown in
Fig. 2A-C. The data from this study (in red) decrease exponen-
tially with temperature. In Fig. 2A, the nanoindentation hardness
of CeO, is measured over temperature. The nanoindentation val-
ues in [40] agree with our room temperature nanoindentation
value within the 9.5% error. In addition, the converted (VH — GPa)
Vickers hardness values are 24% lower than those obtained using
nanoindentation. The reason for this discrepancy can be attributed
to indentation size effects, which are understood to contribute to
discrepancies when comparing multiple length scale datasets [61].
Because of the large difference in indentation size and the inden-
tation size effect phenomenon direct comparison of the converted
Vickers and nanoindentation values is not advised. However, com-
paring the nanoindentation and Vickers results is useful to see
trends in the hardness behavior of the different materials over
temperature. The porosity of the samples measured with Vicker’s
are unknown, but are usually in the 94-96% of theoretical den-
sity range. Due to the limited volume probed during the nanoin-
dentation tests, it is expected that the nanoindentation is measur-
ing closer to 100% dense material property values, which also con-
tributes to the apparent differences between Vicker’s hardness and
nano-hardness.

Temperature-dependent measured and literature hardness val-
ues for ThO, are shown in Fig. 2B. The data from [42] was ob-
tained using nanoindentation, and the Young's modulus of ThO,
using different fabrication routes, which agree well with the val-
ues measured here. The hardness data from [41] are converted
Vicker's hardness values on polycrystalline ThO,. Fig. 2C displays
the nanoindentation hardness values of UO, over temperature
compared with literature values [23,41,62]. As shown in Fig. 2,
hardness values measured in this study agree (within uncertainty)
with other nanoindentation studies [23].

Fig. 2 shows that the hardness decreases exponentially with in-
creasing temperature. This matches well with the predicted behav-
ior from literature [63-66] and can be fitted with Eq. (5):

H = AefT (5)

where H is the hardness, A and B are constants, and T is the tem-
perature in Kelvin. In Eq. (4), A is the intrinsic hardness of the ma-
terial at T = 0 K, and B is the thermal softening coefficient. Plotting
the natural logarithm of the hardness values versus T exhibits a
linear behavior as shown in Fig. 3. Table 2 shows that all of the flu-
orite crystal structure materials have nearly identical thermal soft-
ening coefficients but different intrinsic hardness values which is
expected. The values for the intrinsic hardness and thermal soft-
ening coefficients measured on UO, here match well with those
from literature [23].

In Fig. 4A-C we present the Young’'s moduli versus tempera-
ture for the ATF candidates such as U3Si,, UN, and UB,. Fig. 4A-C
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materials.

shows that there is significantly less data available in literature for
comparison with these materials. This study illustrates the advan-
tage of nanoindentation at the laboratory scale to quickly evaluate
mechanical properties. It can be seen in Fig. 4A that the Young's

modulus value measured for U3Si, in this study (in red) agree with
available literature within error [32]. The same agreement is evi-
dent in Fig. 4B for UN [25,26]. For the case of UB, there was room
temperature data [35,67,68] for comparison purposes. In [67,68]
the elastic modulus came from simulation work while the values
here come from experimental work which could reason for the
large difference in values.

In Fig. 5A-C the temperature-dependent hardness of the ATF
candidates. Again, experimental data from literature is extremely
limited for comparison. From Fig. 5A, the UsSi, nanoindentation
hardness measured in this work agrees (within uncertainty) to the
nanoindentation value found in literature [32]. As shown in Fig. 5B
the same trend is observed that the nanoindentation values are
higher than the Vickers hardness values for UN. The UsSi, and
UB, both have higher hardness than UO,, the current fuel of LWRs
today. The UN has similar hardness value to UO, over the tested
temperature range.

The nanoindentation temperature range for the ATF (673 K)
was lower than that of the fluorite materials tests (973 K), (see
Figs. 1 and Figure 4). As stated earlier the environmental control
for testing these uranium compounds is essential [52]. The sur-
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faces of the U3Si; and UN samples before the nanoindentation ex-
periments and after reaching temperature are shown in Fig. 6. We
measured up to 473 K (U3Si, and UN) and 673 K (UB,) where we
had to stop to preserve the samples integrity. Our measurements
indicate that UB, is less sensitive to oxidation compared to Us3Si;
and UN. However, further investigation is required to confirm this
assertion. In addition, to confirm that these surface interactions did
not affect the results the samples were re-polished sufficiently to
remove these features. The indentation was performed again with
the surface of the sample being evaluated with attached optical
microscope after each temperature step to ensure there was no
visible change in the sample surface.

In Fig. 7 the hardness and thermal softening coefficients for the
ATF candidates are shown. In Table 3 it is observed that UB, has
the lowest thermal softening coefficient while UN has the highest.
Note (from Fig. 5) that the room temperature value of In(hardness)
value for UB, is associated with higher uncertainty, which might
be artificially increasing the slope of the In(hardness) vs. tempera-
ture curve shown in Fig. 7. If the UB, In(hardness) room tempera-
ture outlier is removed, then this results in a softening coefficient
of -0.0009. The softening coefficient for U3Si, is similar to that of

Table 3

The intrinsic hardness and softening coefficients of the ATF candi-

dates.
Sample UsSiy UN UB,
Intrinsic Hardness [GPa] 23.16 21.11 25.14
Softening Coefficient [K-']  -0.0024  -0.0033  -0.0015

fluorite materials, as shown in Table 2. It should be noted that the
fluorite materials were evaluated at higher temperatures than the
ATFs, but this data shows that the ATF candidates have higher in-
trinsic hardness than CeO, and UO,.

The Young’s modulus and hardness for UN and UO, are sim-
ilar at room temperature. U3Si, has a lower Young’s modulus
and higher hardness at room temperature as compared with UO,.
Lastly, UB, has both a higher hardness and Young’s modulus value
at room temperature. In most commercial light water reactors, the
periphery of the pellet during operation is operating at around 773
K (500°C). As we were not able to reach those temperature for the
ATFs, we extrapolated their hardness values to that temperature
using Eq. (4). The calculated hardness at 773 K for the materials of
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Fig. 6. (A) The surface of the U;3Si, sample before testing in the nanoindenter. (B)
The surface of the U;3Si, sample after reaching 473 K in the nanoindenter. (C) The
surface of the UN sample before testing in the nanoindenter. (D) The surface of the
UN sample after reaching 473 K in the nanoindenter.
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Fig. 7. The In(Hardness) versus temperature for the UN, U;Si,, and UB,.

interest are: UO, = 2.1 GPa (measured), U3Si, = 3.6 GPa, UN = 1.7
GPa, and UB, = 7.9 GPa. As a reminder, this is a comparison of the
fresh fuel properties and will change as irradiation damage accu-
mulates. At 773 K, only UN has a lower hardness than UO,, while
both U3Si, and UB, have higher values. The UB, hardness value is
nearly 4 times that of the UO, value which could cause challenges
with PCMI during operation. The UB, could deform less than UO,
which could increase the possibility for stress corrosion cracking in
the cladding material. The same could be said for the Us3Si, as well
but to a lesser extent.

The HJE ratio characterizes the resistance of the material to
elastic deformation, while the H3/E? ratio provides an estimate
of the material’s ability to dissipate energy as plastic deformation
during loading. The H3/E? ratio also shows that the contact loads
needed to induce plasticity are higher in materials with a larger
value [69]. The H/E and H3/E? values are tabulated in Table 4 for
room temperature and for 773 K (extrapolated values). The H3/E2
for UsSiy and UB, are an order of magnitude larger than for UO,
at 773 K. This suggests that these two ATF candidates would re-
quire significantly larger loads than UO, to induce plasticity in fuel
which could challenges for mitigating the PCMI.
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Table 4
The H+E-! and H3+E~2 ratios for UO, and the ATF
fuels at RT and 773 K.

Material ~ Temperature ~ H<E-! H3.E-2
U0, RT 0.0409 0.0160
773 K 0.0112 0.0003
UsSi, RT 0.0717 0.0601
773 K 0.0302 0.0033
UN RT 0.0342 0.0092
773 K 0.0078 0.0001
UB, RT 0.0612 0.0694
773 K 0.0302 0.0072

The elastic properties measured (C;; and Cy4) from 295 K to
500 K using RUS can be seen in Fig. 8. The high precision of
the RUS measurements allows observation of the small deviation
from the linear expected behavior at these temperatures. It can be
observed that the CeO, sample behaves according to a predicted
Varshni dependence [60]. The UO, and U5Si; samples behave dif-
ferently, in particular the shear modulus (C44) for UO, and com-
pression modulus (Cy;) in Us3Siy. In the case of UO,, this behav-
ior is due to the paramagnetic/antiferromagnetic phase transition
at T=30K that causes an anomalously extended softening of shear
elastic constant c44 up to ambient temperature [70]. For the UsSis,
this is not attributed to a spurious factor such as surface degrada-
tion (which should have also affected c44), as the sample showed
no hysteresis in the temperature behavior nor depicted any visual
change in the surface. This anomalous curvature deserves further
investigation in future studies.

Fig. 9 illustrates the comparison between the nanoindentation
and RUS measurement results for the (A) CeO,, (B) UO,, and (C)
Us3Sip. The Young's moduli obtained using RUS are consistently
lower than those obtained using nanoindentation for all the ma-
terials tested. This is consistent with previous room temperature
measurements on UsSi, by Carvajal-Nufiez [29,32] where RUS and
nanoindentation measured a Young’s modulus of ~130 GPa and 160
GPa, respectively. This is believed to be due, in part, to the relative
length scales that both techniques are measuring: RUS measures
the entire sample (bulk property) which includes porosity, while
nanoindentation is sampling a small volume of highly dense ma-
terial. While grain orientation influences the nanoindentation re-
sults, we performed 16 measurements at each temperature with
a large spacing. This should provide for a random assortment of
grains to be measured which enables measuring the average prop-
erty value. Bulk scale RUS measurements would be expected to
measure a lower value as porosity lowers the Young's modulus
[29,32]. It can however be seen that the difference between the
nanoindentation and RUS values decreases with increasing temper-
ature. This could be attributed to a larger plastic volume under the
tip, due to deeper indents at higher temperature, so the porosity of
the sample has a larger effect on the nanoindentation values mea-
sured. This is a different process than the indentation size effect
as nanoindentation is measuring accurate Young’s modulus values
even at shallow depths.

The difference between room temperature Young’s modulus as
measured by nanoindentation and RUS for CeO,, UO, and UsSi,
is 16%, 12%, and 21%, respectively. The porosity for the CeO,, UO,,
and U3Si, pellets was 3.46%, 4.08%, and 5.27% respectively. The ef-
fect of porosity on the Young’s modulus can be taken into account
using Eq. (6) [71],

(6)

(1+v9)(13 — 15v9)P
E= Eo(1-P)/q1
o )/{ RG-S
where E is the effective Young’'s modulus, E, is the fully dense
Young's modulus, P is the porosity (in units of volume fraction)

in the material, and v is the Poission’s ratio of the material. The
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Table 5

The Young’s modulus measured at RT with nanoindentation, RUS, and the nanoindentation corrected for
porosity using Eq. (5).

Nanoindentation [GPa]  Corrected nanoindentation [GPa] ~ RUS [GPa]  Eq of RUS [GPa]
Ce0O, 229 213 195 209
uo, 231 212 205 223
UsSi, 160 144 130 145

Poission’s ratio for the materials were the following 0.185 for UsSi,
[29,32], 0.3 for UO, [23,30], and 0.3 for CeO, [38-40] which should
change little over this temperature range. If E, is assumed to be
the value measured using nanoindentation, we can compare E (cal-
culated from nanoindentation) to E from RUS by accounting for
porosity using Eqn 6). Using this approach, the difference in the
adjusted nanoindentation and RUS Young’s moduli at room tem-
perature for CeO,, UO,, and U3Si, are 9%, 3%, and 10% respectively.
In addition in evaluating the multi-length scale experiments, the
porosity and the Young’s modulus values measured with RUS were
used to calculate Eg values using Eq. (6) to compare with nanoin-
dentation values. Those values can be seen in Table 5 in the col-
umn labeled “Ey of RUS”. This approach gives a difference in the
“Eg of RUS” and nanoindentation of 9 %, 3% and 9 % for the CeO,,
UO, and UsSi, respectively. The good agreement in the Young's
modulus between the two length scale techniques can provide av-
enues for the development of multi-length scale models of materi-
als.”

Lastly, in comparing the nanoindentation and RUS to modeling
calculations and fits it can be seen in Fig. 10 there is excellent
agreement between nanoindentation and RUS results on UO, and
the MATPRO correlations when corrected for density (in the MAT-
PRO software). The good agreement further validates the RUS and
nanoindentation data that was collected for UO, and other com-
pounds. The results from the other ATF candidates could be used
in codes like MATPRO to assist in enabling predictions of their per-
formance under nuclear reactor operation.

4. Summary and conclusions

In this study, elevated temperature nanoindentation and RUS
have provided the mechanical properties of nuclear fuels to in-
crease the knowledge in the community and support modeling
efforts of the PCMI during nuclear reactor operation. Nanoinden-
tation provides a capability in the nuclear materials community
to measure the Young’s modulus and hardness of materials with
minimal sample preparation and on small volumes of material.
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Nanoindentation can be used to measure these mechanical prop-
erties of a wide range of compounds at varying temperatures. Due
to the small volumes sampled during testing, this technique can
be applied to irradiated fuel in the future at varying tempera-
tures to measure the material’s mechanical properties. This study
shows that if the Young’s modulus measured with nanoindenta-
tion is corrected for the bulk porosity of the sample, then the
value measured agrees well with those obtained from bulk mea-
surement techniques like RUS. Here, the bulk technique of elevated
temperature, RUS, was used as a comparison to nanoindentation.
The Young’s moduli as determined by RUS and porosity-corrected
nanoindentation agree within error. Both techniques have been
used to accurately measure the moduli of the materials over a tem-
perature range. Both techniques showed the expected linear de-
creases in Young’s moduli over this temperature range. The envi-
ronmental control can be a significant challenge when perform-
ing elevated temperature measurements of uranium-bearing com-
pounds. The measured nanoindentation and RUS Young’s moduli
for U;Si, and UB, have significantly higher H3/E2 values as com-
pared with UO, at 773 K. This suggests the possibility that these
ATF candidates would need higher contact loads to cause plastic
deformation in the fuel, which could exacerbate PCMI. The UN has
a lower H3/E2 than UO,, which suggests the possibility that UN
might have improved resistance to PCMI during operation.
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