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Abstract

Current challenges with uranium dioxide fuel degradation include fuel swelling, cracking and
fission gas release, all of which reduce the operational life span of the fuel in commercial
reactors. One important factor in prolonging the life span of uranium dioxide (UO,) fuel is
developing a good understanding of the mechanical properties of the high burnup structure that
forms at the periphery of the fuel peliet during the fuel cycle. Nanoindentation based testing
techniques can probe the mechanical properties of small volumes of material and measure
properties including hardness, elastic modulus, and creep. In this work, elevated temperature
nanoindentation and nanoindentation creep testing is performed on UO, samples with different
microstructures, including nanocrystalline (NC) grains, as well as microcrystalline samples with
different grain sizes and creep prestrains introduced at high temperatures. Tests allowed
measuring hardness, elastic modulus and creep stress exponents up to 500 °C. The test results
indicate that for temperatures and stresses used here, NC UO, had limited to no creep, with stress
exponents greater than 10. For UO, samples with creep prestrain and spark plasma sintered
(SPS) UO; with-a 1.8 um grain size the dominant creep mechanism at the high stresses and
relatively low temperatures used is dislocation glide: the creep stress exponents of 3-4 at 500 °C
also matched well with recent literature values for macro scale compression creep tests. In
addition, it was observed that the UO, samples containing higher dislocation defect densities had
lower creep stress exponents than conventional sintered UO, The stress exponent measured on
the conventional sintered UO, at 500 °C was ~ 7, which suggests that the deformation of UO, at
lower temperatures might be hindered by the energetic barriers to dislocation nucleation.

Keywords: Nanoindentation Creep, High Temperature Nanoindentation, Uranium Dioxide
Introduction

Uranium dioxide (UO,) is the standard fuel of today’s nuclear reactor fleet and a potential fuel
for some generation IV reactors [1]. Pellet cladding mechanical interactions (PMCI) can lead to
cladding failures resulting in the release of radioactive material [2-5]. A better understanding of
the mechanical behavior of UO, fuel at its operational temperature in the reactor would
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contribute to better modeling of PMCI. In commercial light water reactors (LWRs), the majority
of the pellets operate below 1000 °C [2-5] and the pellet periphery that contacts the cladding
material is approximately at 500 °C. While some mechanical testing in the temperature range of
less than 1000 °C has been performed [6-17], creep has not been thoroughly investigated in UO,
at these intermediate temperatures. However, numerous studies at temperatures greater than 1000
°C [18-25] have been conducted. This study investigates creep in the intermediate temperature
regime, which is highly relevant to developing a better understanding of commercial fuel pellet
performance in LWR applications. During the entire duration of their service period, when the
fuel is being used in reactor operation, UO, pellets undergo a variety of microstructural
evolutions that affect the local properties of the pellet [1]. As fuel is used, the high burnup
structure (HBS) forms at the pellet’s periphery and is characterized by a nanocrystalline grain
size and high porosity [26-28]. The mechanical properties of the HBS is important for PCMI
because it represents the microstructure of the region of the pellet that is in contact with the
cladding and a crack in the fuel can initiate a crack in ‘the cladding. Evaluating this
microstructure is difficult because the actual fuel is highly radioactive making it difficult to work
with.

With new sintering techniques such as spark plasma sintering (SPS), it is possible to produce
dense UO, samples with a nanocrystalline microstructure for characterizing its mechanical
properties [29, 30]. These SPS specimens with nanometer-size grains allow surrogate testing of
the HBS without using actual spent, highly radicactive fuel samples and difficult sample
preparations.

Instrumented indentation-based techniques can be used to evaluate the mechanical properties of
small pieces or local areas of SPS samples. These techniques can measure the hardness, elastic
modulus and creep exponents of materials. In this research, these techniques are used on fresh
samples of UO, with the expectation that the results could be utilized to design further
experiments for spent fuel and to produce useful comparisons. Nanoindentation can be used to
study the localized nanoindentation creep of the sample in an analogous way to impression creep
testing [31]. In addition, nanoindentation creep testing is a useful tool for investigating the creep
behavior of materials due to the short testing duration and limited sample size requirements [32].
Furthermore, other research confirms that the activation energy and stress exponents calculated
from nanoindentation creep match well with uniaxial creep test results [31-36]. However, there
are still several experimental and modeling challenges that pose obstacles to direct comparisons
of indentation and uniaxial creep results [32, 33]

In this manuseript low and intermediate temperature (room-500 °C) nanoindentation and
nanoindentation creep tests were performed on 4 different samples of UO,. Two samples were
conventionally sintered UO, with and without pre-straining, while two samples were SPS
sintered specimens with1.8 pm and 125 nm grain size (referred to as SPS-1.8 and SPS-125
hereinafter).

Experimental

Sample 1 (sintered) was synthesized at Los Alamos National Laboratory (LANL) using d-UO,
powder with no additives and no milling prior to pressing. 0.4994¢g of as-received powder was
pressed at 80 MPa (dwell time 60 s) to form a green pellet with diameter 5.71 mm, length 3.96
mm, and density 4.925 g/cc (44.93%TD). The pellet was then partially sintered at 800 °C under
10 CPM wet argon for 5 minutes, resulting in a permeable/porous pellet of mass 0.4980g,
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diameter 5.69 mm, length 3.97 mm, density 4.93 g/cc (45.01%TD). This pellet was later
sectioned into slices (1.60 mm thick), with one slice (12571-1) heat treated at 1700 °C under 1
SCFH 79% argon/21% oxygen for 35 minutes to complete the sintering process while growing
large grains. The disk was then sectioned again, polished, and characterized prior to testing. One
half become sample 1 with a 10 um grain size. The other half became sample 2 and had a
standard uniaxial compression creep test performed on it at Arizona State University (ASU). The
creep test was performed at 1200 °C in an atmosphere of 95% UHP Ar-5% H, for approximately
six hours, using an applied load of 471.4 N (106 Ibf) for a resulting stress of 180 MPa; the
observed steady-state strain rate was 2.07 x 107 s™, corresponding to stage Il creep, and the
sample had a total strain of 9%.

The reason for the pre-straining is that during their deployment in a reactor, commercial fuel
pellets will undergo deformation and irradiation damage that produces defects in the fuel pellets
that can affect their deformation and mechanical properties including creep [37, 38]. Samples 3
and 4 were SPS produced with a 1.8 pum and 125 nm grain size, respectively. This innovative
consolidation technique gains more interest due to its fast process in recent times. The pellets
with a grain size of 1.8 um were sintered from nanocrystalline UO; o3 powders at 1300 °C for 30
minutes under a pressure of 40 MPa as described in [29]. Due t0 the graphite die used in the
sintering route, the pellets were reduced in-situ to be hypo-stoichiometric with a final O/M of
1.996 + 0.004. The pellets with a grain size of 125 nm were sintered at 700 °C for 5 minutes
under a pressure of 500 MPa in a WC die. The densified NC pellets were hyper-stoichiometric
and a post-sintering annealing was conducted in a tube furnace in 4% H,/Ar gas atmosphere.
Prior to reducing, the furnace was purged for 4 h using a gas flow at a rate of 200 ml/min. The
reducing was conducted at 600 °C for 24 h at a gas flow rate of 50 ml/min to produce a
stoichiometry of UO; o6 in the pellets [29].

The nanoindentation and nanoindentation creep tests were performed with a MicroMaterials
Platform 3 indenter with a cubic boron nitride (cBN) Berkovich tip. The procedure for
performing these tests was as follows: the samples were mounted onto the hot stage of the
MicroMaterials indenter using Omega 700 cement and allowed to cure for 24 hours. During the
curing process the high temperature tip was installed on the MicroMaterials indenter and the
calibrations for the tip were performed. After the curing process the hot stage was mounted onto
the MicroMaterials indenter and room temperature indents were performed. The MicroMaterial’s
indenter has an environmental chamber that allowed the use of a cover gas for high temperature
indentation to inhibit the oxidation of the sample. After the room temperature indents were
completed, ultra-high purity (UHP) argon gas was flowed into the environmental chamber at 10
liters/min for-12-18 hours to displace the oxygen in the chamber. The gas was switched to
argon+5%H, at 6 liters/min and the samples were heated to the desired testing temperature. This
mixture of gases has been proven to inhibit the oxidation of other oxygen sensitive samples [29,
39]. Even with the reducing atmosphere, it is believed that the stoichiometry of the UO, samples
is unchanged during testing due to the low temperature used in these experiments. After reaching
the desired testing temperature, there was a 30-60 minute thermal stabilization period. After the
stabilization period a test indent was performed to measure the thermal drift between the tip and
the sample. The MicroMaterials indenter heats the tip and sample separately giving low thermal
drift rates even at high temperature. If the drift during the test indent was excessive (> £ 0.15
nm/s) the sample temperature was adjusted, and then another indentation was performed. This
process was repeated until the measured thermal drift post indentation was less than £ 0.15 nm/s.
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The indents were carried out in load control mode, by first moving the sample slowly towards
the indenter tip until contact was made and then the indenter was slightly retracted. Next the
sample was moved until the tip was aligned with the predetermined testing location. The tip was
then positioned 1 um from the sample surface and held there for a 5-minute thermal stabilization
period. After this thermal stabilization period the indent was performed. For the nanoindentation
experiments the dwell at max load was varied depending on the temperature so the unloading of
the indenter was in a steady state condition and did not have unsteady viscoplastic deformation
affecting the results. The dwell for room temperature indents was 5-10 seconds, the dwell for the
300 °C was 45 seconds and the dwell for the 500 °C indents was 60 seconds. In the
nanoindentation creep experiments the dwell at max load was held for 300 seconds at a load of
100 mN for all of the samples.

Nanoindentation was performed at room temperature (RT), 100°, 300° and 500 °C on the
sintered and pre-strained samples and nanoindentation creep experiments were performed at 300
°C and 500 °C on all 4 samples.

Results

The Oliver and Pharr method was used to measure the hardness and reduced modulus of the
sintered and pre-strained samples from the nanoindentation experiments [40]. The elastic
modulus was calculated from the reduced modulus using the appropriate equation in [40] and the
values of elastic modulus of cBN tip material corrected for temperature. The nanoindentation
results for sintered and pre-strained samples are displayed in Figure 1. The results of these
samples agree well with other high temperature nanoindentation experiments on UO, [29].

Figure 2 shows a plot with the difference in the hardness values measured during the
nanoindentation experiments and the nanoindentation creep experiments. The nanoindentation
values for the SPS-1.8 and SPS-125 samiples are from [29] and there is no 500 °C indentation
value to compare too. However, there is 600 °C data [29] that can be used for the comparison.
This data indicated that for the sintered, pre-strained and SPS-1.8 samples, the hardness value
from the nanoindentation creep testing is lower than the nanoindentation hardness measured. The
300 °C testing results  for the SPS-125 sample also indicate that the nanoindentation and
nanoindentation creep hardness values were approximately the same.

The stress exponent of a nanoindentation creep experiment is calculated from the slope of
In(strain rate) and the In(stress or hardness) curve [31-36]. This originates from the power-law
creep equation for conventional steady-state creep which is shown in equation 1.

& =Aoc" Eqg. 1

Where n is the uniaxial stress exponent and A is the uniaxial pre-exponential term, ¢ is the steady
state strain rate, and o is the stress for a uniaxial creep test.

The strain rate for nanoindentation creep experiments can be calculated with equation 2 [31-36]:

. 1 dh
q= () (%) Eq.2
Where h is the depth of the indent and dh/dt is the penetration rate in the steady state section or

linear portion of the nanoindentation creep curve [31-36], which is assumed to correspond to
secondary or steady state creep [31-36]. The stress during nanoindentation creep was calculated
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from the area of the tip and the force from the indenter which is the hardness or mean pressure
on the sample. The stress exponents for the four nanoindentation creep experiments are shown in
Table 1. The plot in Figure 3 presents the typical dwell load, the displacement versus time at the
max load, and the change in the measured hardness because of the increase in displacement for
the nanoindentation creep experiments. Figure 4 shows representative creep curves, i.e.,
displacement versus time, for the different samples at the temperatures tested. Lastly, Figures 5
and 6 are representative In(strain rate) versus In(stress) curves for the samples tested, along with
equations for least square linear fits and the corresponding coefficient of determination R®.

Discussion
Nanoindentation Hardness

The nanoindentation results demonstrate that the pre-strained sample has a lower hardness value
at all testing temperatures compared to the sintered sample (Figure 1), and the difference is larger
than the error bars for the measurements. This result agrees with [7], which proposes that the
plasticity in UO, at lower temperatures might be hindered by the energetic barriers to dislocation
nucleation. The authors believe that additional dislocations introduced into the pre-strained
samples from the deformation process at elevated temperatures caused the decrease in the
hardness [41-43]. Note, however, that there is anisotropy in the elastic modulus and hardness
measured in UO,, and this could play a role in the results, since nanoindentation was used and
the length scales involved are such that indent would take place in individual grains for all cases
except from the SPS-125 sample due to its nanoscale grain size. In this regard, results from [44]
indicate that Knoop hardness testing on single crystals measured a potential 20 % difference in
hardness between the lowest and highest measured values. For the 300 ° C case the value of
hardness for the pre-strained sample is 4.26 GPa while the value for the sintered sample is 6.04
GPa. If the hardness of the pre-strained sample were to increase by 20 %, as a worst case
scenario, it would give a value of 5.11 GPa, which still does not bring the value within one
standard deviation of the measured value for the sintered sample. In addition, the experiments
here had a minimum of 15 indents at each testing condition and separated by at least 20 pm. The
separation distance is larger than the grain size in the material and therefore will measure a
random assortment of grains, leading to an average over different orientations.

This would imply that the increased hardness in the sintered sample relative to the pre-strained
sample is because dislocations need to nucleate for the deformation to occur in the former, but
not in the latter. The pre-straining would increase the initial density of dislocations in the
material and therefore not as many dislocations would need to be nucleated for the plastic
deformation to occur. It has been documented that irradiated UO, develops an initial increase in
the hardness of the material after irradiation, but when larger doses are reached there is a
reduction in the hardness of the UO, [38]. This agrees with the results of this work since the pre-
strained sample must have a higher dislocation density compared with sintered sample. While
fission and neutron damage would not cause the same damage in UO, as a compressive load, the
results do show that the presence of additional defects in the UO, sample correlate with the
reduction in the hardness.

The decrease in hardness between the sintered sample and pre-strained sample was 12 %, 19 %,
29 % and 12 % for RT, 100 °C, 300 °C, and 500 °C respectively. The highest percentage decrease
in the hardness was at 300 °C, which is just below the potential ductile to brittle transition range
350-478 °C for UO, [7]. It would suggest that the thermal assistance at 300 °C is not enough to
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allow easy nucleation of dislocations in UO, while at the same time dislocation mobility is
already efficient. The reduction in the percentage decrease at 500 °C is because the dislocations
are more easily nucleated when the temperature is above the ductile to brittle transition range.
The reduction for room temperature and 100 °C was not as large as 300 °C because it required
higher stress to move the dislocations as they did not have as much thermal assistance.

Figure 2 and Table 2 show a comparison of the nanoindentation hardness and nanoindentation
creep hardness of the 4 samples. Unfortunately, due to experimental difficulties there is no 500
°C nanoindentation hardness data for a comparison with the SPS-1.8 and SPS-125 samples. The
nanoindentation hardness data for these samples came from [29].

In Figure 2, it can be seen that the SPS-125 sample had the highest nanoindentation and
nanoindentation creep hardness in all samples, and also the smallest absolute percentage
difference in the hardness between the indentation values and the creep values. It would appear
that within the margin of error of this testing technique there is no measurable change in the
SPS-125 sample between the nanoindentation hardness and nanoindentation creep hardness at
300 °C. Due to some difficulties the 500 °C data was not valid and is not included in the results.
Results in Table 1 indicate that the SPS-125 sample has a creep exponent that is above 10 for
both 300 and 500 °C. This suggests that the stress applied in the nanoindentation creep
experiments is below the threshold stress needed to cause creep strain in the samples and is the
reason for not observing a change in the hardness from the nanoindentation and nanoindentation
creep experiments. This will be further expanded upon in the creep section of the discussion.

When evaluating the data in Table 2, the difference in hardness for sintered and pre-strained
samples is larger at 500 °C than at 300 °C. In [7] the brittle to ductile transition temperature
(BDTT) is reported to be in the range of 287-478 °C for UO,. As the 300 °C indents are at the
beginning of this temperature range it would be expected that there would be a smaller difference
in the nanoindentation hardness and nanoindentation creep hardness as compared with the 500
°C data. It would be expected that the 500 °C data would exhibit a larger difference because this
testing condition is above the BDTT range.

When comparing the percentage decreases for the sintered, pre-strained and SPS-1.8 samples at
300 °C, the data indicated that the pre-strained and SPS-1.8 samples had significantly larger
decreases in the hardness than the sintered sample. The decreases in hardness for the pre-strained
and SPS-1.8 are 8.65 and 6.74 %, respectively, while the sintered sample decreased 2.48% at 300
°C. It is believed that the pre-strained and SPS 1.8 um have larger decreases in hardness as
compared with the sintered sample because of the pre-existing dislocations and other defects in
the samples from the pre-strain or the SPS process. Regarding the latter, the literature suggests
that samples produced through SPS have higher defect densities, such as dislocations, than
conventionally produced material due to the high energy ball milling of the powder that occurs
prior to the SPS [44, 45]. On the other hand, the regularly sintered UO, material would need to
nucleate the dislocations prior to the deformation occurring.

Nanoindentation Creep

The small sample volumes (~1 um depth, Figure 3) probed during the nanoindentation creep
tests limited the volume of material sampled and, therefore, the number of microstructural
features tested. This can become a specific issue when grain boundaries are part of the deformed
region as is most likely the case in the fine-grained material. These limited grain boundaries in
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the coarse-grained material make these tests similar to single crystal creep tests in UO, as most
of the deformation would be occurring inside the grains by dislocation motion instead of grain
boundary sliding. The sampling of individual gains can cause an issue with anisotropy of
properties as discussed above in the nanoindentation hardness section. In order to sample a
random set of grains and get a statically average value at least 10 nanoindentation creep
experiments were performed on each sample. In addition, the difference between the grain
boundary density of the sintered sample and the SPS-125 can allow for possible evaluation of the
effect of grain boundaries on the deformation.

The stress exponent (n) range for dislocation creep is 3-10 [31-36]. When the stress exponent is
large (n > 10) it is typically explained by introducing a “threshold stress” below which creep
cannot be measured [35, 36]. A review of the current literature shows two creep ranges proposed
for UO,, which are based on the levels of stress required to initiate the deformation. In the low
stress region, the stress exponent is 1. However, there are still some debates about this region and
is explained by Coble diffusional and Harper-Dorn creep [18-25]. In the high stress region, the
stress exponent is in the range of 4-5 and the dominant deformation mechanism is a diffusion-
controlled dislocation creep process [18-25]. The data here indicated that the pre-strained and
SPS-1.8 samples have stress exponents between 3-4 during the 500 °C nanoindentation creep
measurements. This would suggest that the pre-strained and SPS-1.8 samples are both deforming
by dislocation glide at these low temperature and high stress conditions.

The sintered sample has a higher stress exponent than the pre-strained and SPS-1.8 samples for
the 500 °C tests: this could be due to the need to nucleate dislocations for the deformation
process to occur as previously discussed. In other words, the diffusional dislocation creep cannot
support the deformation process because there were insufficient dislocations available, as
previously discussed in the nanoindentation hardness section. This need for nucleating
dislocations was not present in the pre-strained and SPS-1.8 samples because the former sample
had a pre-existing dislocation population due to the creep deformation before testing. The SPS-
1.8 sample likely developed a high defect density as a result of the high energy ball milling of
the powders before SPS [45,46]. The SPS-125 sample had a relatively large number of grain
boundaries for the testing volume and the stress exponents measured here (~ 15) match well with
literature values for high strain rate and high stress creep tests (16-20) [10, 24].

Sintered and Pre-strained Samples

The reasons for the increased creep rates for the pre-strained sample as compared with the
sintered sample are believed to be the same as summarized in the nanoindentation hardness
section, i.e., an increase in the defect density due to the deformation process at elevated
temperature and that the plasticity of UO, is reduced at lower temperature because of the
energetic barriers to dislocation nucleation [7]. The addition of dislocations nucleated during the
high temperature deformation process provided the necessary minimum number of dislocations
to allow plastic deformation to occur. This phenomenon can be seen in the difference in the
stress exponents of the sintered and pre-strained samples at 300 °C: at this temperature the
sintered sample has a stress exponent that was greater than 10 while the pre-strained sample had
a stress exponent ~ 8. This implies that the sintered sample had little to no creep occurring at 300
°C, while the pre-strained sample had some creep occurring by dislocation glide. It should be
noted that at 500 °C the pre-strained sample still had a lower value for the stress exponent than
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the sintered sample, which would infer that the dislocation nucleation process is still affecting
the deformation of the UO, at 500 °C. While it is difficult to compare the stress exponent n of
the sintered with literature values as most creep testing of UO, is performed at higher
temperature (> 1000 °C) and lower stress compared to these experiments, and under uniaxial
load, the 500 °C pre-strained values are comparably in the range of other macroscale creep
experiments [18,19,25,47-50]. This could suggest that the brittle to ductile transition is indeed in
the range suggested by [7] of 350-478 °C for UO,,

The SPS samples

The SPS-1.8 sample had n values lower than 10 at both 300 °C and 500 °C while the SPS-125
sample had n values that were greater than 10 at both 300 °C and 500 °C. Detailed
microstructural analysis of the sample was not performed, but these creep results would suggest
that the SPS process produced samples with higher defect densities, as described earlier, than the
conventionally prepared samples, leading to increase creep rates when compared with the
sintered sample. The pre-existing defects allowed for lower n values by providing the necessary
dislocations for the deformation of the SPS-1.8 sample. In addition, in comparing the hardness
values of the SPS-1.8 sample from [29] with the hardness values of the sintered sample it can be
seen that that the SPS-1.8 sample also had a lower hardness than the sintered sample even with a
smaller grain size.

When grain size changed from 1.8 um to 125 nm the density of grain boundaries is increased,
which was could be the underlying reason no measurable creep is observed in these experiments.
The large n values for the SPS-125 sample at beth 300 °C and 500 °C would suggest that these
experiments are below the threshold stress to cause creep. This is not unexpected as literature has
indicated that nanoceramics exhibit better mechanical properties because the nano sized grains
produce a reduction of flaw size, structural homogenization, which leads to a reduction of
residual stress levels, and barriers to dislocation motion because of the substantial increase in
grain boundaries [51-54]. Due to the results of the SPS-1.8 sample one might speculate that the
SPS-125 sample would also have a large density of defects and that grains boundaries are
impeding their glide through the sample. However, the high density of grains boundaries in SPS-
125 sample could act as defect sinks in the material [54]. This would lead to a lower dislocation
density and possibly to a more pristine material in the grain interiors. In addition, these
temperatures are not high enough for effective nucleation of dislocations at the boundaries for
the deformation to occur. Furthermore, dislocations present or nucleated would have difficulties
moving through the sample as they would be annihilated at grain boundaries. Grain boundary
sliding is another potential deformation mechanism for UO,. In the SPS-125 sample due to the
high grain boundary density, it could be a possibility in these experiments. However, grain
boundary sliding is usually seen at high temperatures and low strain rates [23-25, 55] as
compared with the experiments here. The low temperatures here do not provide the diffusion
activity needed to have effective grain boundary sliding. In addition, it usually leads to stress
exponents of 1.5-2.5 that do not agree with the results here [55]. Most literature proposes that the
deformation of UO; at lower temperatures is usually controlled by a Peierls mechanism [10, 24],
which is also believed to be seen here. It would appear that stress has not reached the threshold
leved needed to cause creep in the SPS-125 samples.

In comparing the SPS-125 and the sintered samples it can be seen that both had n values greater
than 10 at 300 °C while the n value for the sintered sample went below 10 at 500 °C while the
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SPS-125 stayed above 10. The reason for the difference is likely the density of grain boundaries
in the tested volume of material. The tested volume in the sintered sample would have minimal
grain boundaries allowing any dislocation nucleated to glide a relatively far distance when
compared with the test volume. In addition, for the sintered sample there could be higher density
of dislocations to start with as there are not as many grain boundaries to act as dislocation sinks.
It has been observed that the density of grain boundaries in the test volume can affect the results
as seen in literature [23-25, 29, 48, 50-54] with phenomena like the Hall-Petch effect and should
be consider when evaluating the results.

Conclusions

This research demonstrates that nanoindentation based techniques can be successfully used to
measure the mechanical properties of UO, samples with different microstructures. The results of
this study also show that increasing the defect density of a UO, sample can decrease the creep
stress exponent and hardness of these UO, samples at relatively low temperatures at and below
the DBTT for UO,. These results suggest the plasticity of UO; at lower temperatures could be
hindered by the energetic barriers to dislocation nucleation. In addition, it is shown that UO,
tested at high stress and low temperatures experiences creep that is consistent with dislocation
glide as a creep mechanism. It was also observed that NC UO, did not exhibit creep during these
experiments, potentially due to a very high threshold stress that was not reached during the tests.

The ability to measure the change in the properties of materials with different grain sizes as well
as pre-strained and pristine materials illustrates that nanoindentation can be a valuable tool to
measure the mechanical properties of materials using limited volumes. Additionally, because
nanoindentation samples a small volume 1t can also be used to measure the difference in the
mechanical properties along the length of a spent fuel pellet. This could allow for the
investigation of the mechanical properties in different regions determined by the varying
identifiable microstructures, which is not possible with conventional macroscale mechanical
testing due to the propensity of the pellets to crack, the high level of radioactivity, and the size of
the specimen needed for macroscale mechanical testing. The use of this technique on neutron
irradiated fuel could greatly decrease the post irradiation examination time while allowing more
information to be gathered from a single specimen.
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Figure 1: The elevated temperature nanoindentation results on Fresh (Sintered) and Prestrained
samples. The error bars are the standard deviation of the all of the results. A minimum of 15
indents per test condition were performed.
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Figure 2: A plot showing the hardness values of 4 different samples of UO, depending on the
testing method used.
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Figure 3: Data from a 500 °C nanoindentation creep test for the SPS-1.8 sample. The top plot
shows the load for the tes as a function of time, which was 100.8 mN. The bottom plot shows the
displacement of the indenter during the hold and the decrease in the measured hardness of the
material during the hold.
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Figure 4: Representative creep curves of the four different samples tested. A) 300 °C B) 500 °C.
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Figure 5: Representative In(strain rate) versus In(stress) curves for all fours samples at 300 °C.
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Figure 6: Representative In(strain rate) versus In(stress) curves for all four samples at 500 °C.

Table 1: Stress Exponents for the nanoindentation creep experiments at 300 and 500 °C. The
error is the standard deviation of the results. A minimum of 10 nanoindentation creep
experiments were performed for each condition.

Sample 1 (Sintered) 2 (prestrained) | 3 (SPS 1.8 um) | 4 (SPS 125 nm)
300 °C 16.1+3.2 8.1+0.4 8.7+0.8 145+ 3.0
500 °C 6.9+1.3 44+0.3 3.5+0.8 16.0+£5.0

Table 2: The hardness values of the 4 different samples from nanoindentation and
nanoindentation creep experiments. The percentage decrease in hardness is also shown.

Sintered Sintered Prestrained | Prestrained | SPS1.8um | SPS125nm

300 °C 500 °C 300 °C 500 °C 300 °C 300 °C
Nanoindentation - 6.0 2.6 4.2 2.3 4.3 7.6
Hardness [GPa]
Nanoindentation Creep — 59 2.3 3.8 2.0 4.0 7.7

Hardness [GPa]
% Decrease in Hardness 2.48 12.31 8.65 11.74 6.74 -1.84




